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Abstract
Abstract
The low temperature form of the iron disilicide (P-FeSiz) phase has been widely shown to 
be a promising material for Si-based opto-electionics devices due to its direct band gap 
(0.87 eV). These materials can be easily produced using a wide range of techniques. This 
work focuses on two techniques that utilises an ion beam, ion beam assisted deposition 
(IBAD) and ion beam synthesis (IBS). IB AD has been identified as a suitable technique 
for producing low cost material over large areas, which is particularly important for 
applications as solar cells, McKinty et al (2002).
This thesis reports in details on the work to optimise the microsltuctures of four materials. 
Fe deposited on Si in the ratio of 29%:71% and produced using IBAD and Fe implanted into 
Si using IBS. Also the effect of implanting a transition metal is investigated, Fe implanted 
into an overlaid SiGe layer and Co implanted into FeSii, both produced using IBS. Both the 
initial and annealed conditions were investigated using transmission election microscopy 
(TEM), x-ray diffraction (XRD) and Rutherford backscattering spectroscopy.. (RBS) were 
used to characterise the microstructiues.
The results showed that in both techniques P-FeSia is formed in the initial condition. The 
effect of using a second beam during deposition was to increase nucléation on the Si 
substiate interface, resulting in a reduced grain size, as compared to non-IB AD samples. 
Samples deposited at 300°C or lower produced an amorphous p-FeSiz layer, while at 
temperatures higher than 300°C the formation of crystalline p-FeSiz phase were seen. 
Also the effect of the process parameters was investigated with respect to the 
microstructures produced. Dming thermal annealing the microstructures coarsened by 
Ostwald ripening.
The second area of research was to study the phase equilibria in the Fe-Si binary and Co- 
Fe-Si ternary systems. The alloys were produced by the author using a plasma arc
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furnace. Three annealing regimes were used in the study, 850°C for 24 hours, 900°C for 
24 hours and 1000°C for 10 hours. Ten Co-Fe-Si alloys were produced with the 
compositions chosen specifically to reveal the phase equilibria of the ternary system. 
Electron microprobe analysis EPMA and XRD were used to characterise the system. 
Based on the results two isothermal siuTaces, at 900°C and 1000°C, were proposed.
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Introduction
Semiconductor devices are used in most electrical items. They utilise various elements, 
usually in the form of binaiy, temaiy or quaternary alloys known as ‘compound’ 
semiconductors, in order to control the alloy’s band gap and so allow the flow of eleetrons 
or holes, which produce an electrical signal. Therefore, material parameters such as alloy 
composition and the processing method by which the alloys are produced are critical.
The semiconductor industry manufactures compound semiconductors by pairing 
elemental groups from the periodic table together. The most well-known are the III—V 
compounds formed from groups 3 and 5 of the periodic table and include such 
compounds as gallium phosphide (GaP), gallium arsenide (GaAs), aluminium gallium 
arsenic (AlGaAs), indium gallium arsenic phosphorus (InGaAsP). Another set of 
compounds can be fromed groups 2 and 6, to give II—VI compounds such as zinc 
sulphide (ZnS), zinc telluride (ZnTe), cadmium sulphide (CdS) and mercury cadmium 
telluride (HgCdTe) (Parker, 1994). However, supplies of elements such as indium (In), 
gallium (Ga), arsenic (As), tellurium (Te) and other elements within groups 3, 4, 5 and 6 
will become depleted in the future. Therefore, there has been considerable research into 
finding alternative materials’ solutions. During the past twenty years, there has been 
significant amount of research carried out into metallic silicides and their applications in 
microelectronics, particularly the prospect of developing opto-electronic devices derived 
from the well-established silicon technology.
Iron disilicide (FeSia) has been shown to be a particularly promising candidate, especially
the semiconducting p-FeSia phase. Tire FeSi2 phase can exist in three forms, the high
temperature metallic a-FeSiz phase that has a tetragonal crystal structure, (a = b = 0.2695
nm, c = 0.5390 nm). The stable semiconducting low temperature p-FeSiz phase has an 
orthoriiombic crystal structure (a = 0.968 nm, b = 0.779 nm, c = 0.783 nm)j and the
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metastable y-FeSiz phase that has a cubic syimnetiy (a = b = c = 0.5608 nm). The 
transition between the a-FeSiz and the p-FeSiz phases occurs at approximately 937°C.
This work is part of a collaborative major project that aims to develop semiconducting 
tr ansition metal silicides. The objectives of this project were [1] to understand the synthesis 
of TM disilicides using various deposition and implantation methods, [2] to imderstand 
phase selection in synthesised binary and ternary silicides of Fe and/or Co and [3] the 
phase equilibria in the ternary Fe-Co-Si system.
The strategy adopted to achieve these objectives was (a) to select the ion beam assisted 
deposited (IBAD) and ion beam synthesis (IBS) processes for the synthesis of the materials 
to be studied, (b) to synthesise FeSiz, (Fe,Co)Siz, and a Ge based ternary silicide, (c) to cast 
ingots of selected Fe-Co-Si alloys and (d) to use a range of experimental techniques that 
complement each other to characterise the rrricrostrnctiues of the materials.
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Chapter 1: Properties of Fe, Co & Ge- 
Based Silicides
This chapter reviews how the properties of iron- and cobalt- silicides, along with silicon- 
germanium layers on silicon substiates, are altered by various fabrication techniques, 
including molecular beam epitaxy (MBE) (Mahan et al 1990), solid phase epitaxy (SPE) 
(Cherief et al 1989), reactive deposition epitaxy (RDE) (Gieb et al 1991), ion beam mixing 
(Santos et al 1995), ion beam synthesis (IBS) (Mantl 1992), ion beam assisted deposition 
(IBAD) (Valentini et al 1996, Tenasi et al 1993, 1994) and Banadas et al (1997) and 
subsequent thermal processing. The chapter also reviews the theories of epitaxial growth 
and phase equilibria briefly.
1.1 Introduction
Recent experimental and theoretical understanding of silicides have led to the idea that 
electionic systems will one day integiate iron-based components on a single microchip. 
Therefore, if devices such as very large silicon integiation (VLSI) processors, 
opto-electi'onic and high-speed III-V processors etc... were to be integrated, the contiol of 
the processing parameters will be required at a much greater technical level than that 
achieved presently. There is still a lot of fundamental research that must be canied out to 
allow the formation of these new heterostmctures. There are a number of ways of tackling 
the problem of producing a single integr ated microchip. A significant amoimt of research 
is currently being carried out into growing semiconductors, especially GaAs, Ge and Ge-Si 
alloys, on silicon substrates. This research would combine the beneficial effects of silicon- 
based digital technology with new optoelectronic devices. An alternative exists among the 
semiconducting transition silicides. These materials could play an important role in the 
futirre of silicon micro-electronics device as sources and detectors of light, optical fibre
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links and on-chip elech’o-optic interconnects. These semiconducting transition metal 
silicides possess some attractive features including a wide range of forbidden energy gaps 
and the relatively easy process integration compared to other compound semiconductors. 
Before using semiconducting silicides as novel integrated optoelectronic devices it is 
necessary to show that good enough quality thin films can be produced to allow the 
development of these devices, Denien et al (1992). The P-FeSiz phase has very desirable 
optoelectr onic properties. Thus, there is a large amount of work going into obtaining the 
optirnirrn growth conditions for the phase. It may be possible to produce heterojunctions 
on silicon substrate with this phase.
Transition metal silicides have been used as Ohmic contacts, Schottky barriers, gate 
electrodes and interconnects in microelectronic devices in recent years. Furthennore, the 
drive for miniaturization of integr ated circuits demands a review of the current interconnect 
and contact technologies. Epitaxial silicides possess several attractive properties and 
belorrg to a special class of silicides that exhibit a definite orientation relationship with 
respect to the silicon substrate. A small lattice mismatch is an important requirement for 
epitaxial layer growth. If the crystal structure of the silicide differs from that of silicon, 
epitaxial growth may still be possible if the unit cells of the bulk materials on both sides of 
the interface can be constructed with transitional symmetry within a certain precision. This 
geometry- based argument must be considered when assessing potential compounds for 
epitaxial growth.
Ziu’ et al (1984) calculated the lattice mismatches and unit cell areas at room temperatirre 
for a large number of metal silicides as shown in figure 1.1. However, it should be noted 
that the lattice mismatches are strongly temperatirre dependent and do not consider the 
chemical effects at the interface. The lattice mismatches relate to silicon substrates of 
orientations (100), (110 and (111) at room temperature. All the possible mismatches 
smaller than 2%, and common unit-cells smaller than 80 A  ^were considered. Mismatch 
and unit-cell area, in figure 1.1, show these as diamonds for mismatches on silicon (100), 
rectangles for silicon (110) and triangles for silicon (111).
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Figure 1.1: A plot to showing the correlation between the unit-cell area and the 
mismatch of transitional metal silicides, (after Zur etal, 1985).
The driving force for the study of epitaxial silicides is based on several favourable 
charaeteristics of epitaxial silicides as compared with the polycrystalline eounterparts:
(1) A better match results in increased stability and lower stress at the interface.
(2) Grain boundary effects are greatly eased.
(3) A low density of defects in epitaxial silicides would improve conductivity.
(4) Regular atomic arrangement in the silicide / silicon interface permits a tighter 
control of the electronic properties associated with the interface.
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(5) The growth of epi-Si / epi-silicide / Si double heteroepitaxy stincture assists the 
fabrication of novel classes of devices.
In thin film systems thermal instability or moiphological degiadation can occur as the 
transition metal silicide / silicon interface attempts to move to its lowest energy 
configuration. This is dependent on surface energies and film thickness. The minimum 
energy or equilibrium energy usually results in either a continuous or discontinuous silicide 
film being formed on the substiate material, Van Rossum & Maex (1995). Any post­
implantation annealing processes affect the systems electrical properties, and so must be 
tailored to the application required.
1.2 Iron Silicides
1.2.1 Introduction
The Fe-Si equilibrium phase diagram shows that the intermetallic compound iron 
disilicide, FeSiz, can exist in two main forms, also see section 1.7. The first is the a-FeSiz 
phase, which has a tetragonal crystal structure (a = b = 0.264 nm and c = 0.514 nm) and 
contains 3 atoms per unit cell. The a-FeSiz phase contains approximately 13% Fe 
vacancies (Denien et al, 1992) and is shown in figure 1.2. The transition temperature at 
which the a-FeSiz transforms into the p-FeSiz is approximately 937°C, although there is 
some uncertainly about this value in the literature, witli quoted temperatures ranging from 
915-960°C, Bost & Mahan (1985). The a-FeSiz phase ti'ansforms into the p-FeSiz phase 
via the eutectoid reaction:
a  <-> P-FeSiz + Si
The P-FeSiz phase is stoichiometiic, has an orthorhombic crystal stnictme (a = 0.986 nm, b 
= 0.779 and c = 0.783 nm) and is the low temperature phase, Gerthsen et al (1992). The P- 
FeSiz phase transforms into the a-FeSiz phase also by a eutectoid reaction:
P o  a-FeSiz + FeSi
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Both transformations induce a drastic change in the electrical properties of FeSiz, in that 
the a-FeSiz phase is metallic, while the |3-FeSiz phase is semiconducting. The 
crystallographic structure of (3-FeSiz has been thoroughly investigated, Dusansoy et al 
(1971). It has an orthorhombic unit cell containing 48 atoms, which make up 16 formula 
units, and is shown in figure 1.3.
Figure 1.2: A Schematic diagram of a-FcSiz in the (111) projection (Fe = orange 
spheres, Si = green spheres).
Figure 1.3: A schematic diagram of P-FeSiz in the (001) projection (Fe = orange 
spheres. Si = green spheres).
A metastable metallic y-FeSiz phase with a fluorite (CaFz) structure has also been reported 
Derrien et al (1993) and is shown figure 1.4. Its lattice parameter is close to that of silicon 
(asi = 0.5431 nm). Iron monosilicide (FeSi) has a stoichiometric composition and has a 
cubic structure (a = 0.449 nm), shown in figure 1.5 and forms at approximately 200°C for 
thin layers and at approximately 400°C for thicker layers. Another phase at high iron 
concentrations is the FegSi that crystallises as an fee D0 3 -type structure. The structure of
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FesSi is derived from the CsCl phase, (a = b= c= 0.566 nm) so that the silicon atom in 
every other cube centre is replaced by iron atoms, Onda et al (1993), Schwarz et al (1994).
Figure 1.4: A schematic diagram of y-FeSiz in the (001) projection (Fe = orange 
spheres, Si = green spheres).
Figure 1.5: A schematic diagram of FeSi in the (001) projection (Fe = orange spheres. 
Si = green spheres).
1.2.2 Formation and Structural Characteristics
Cheng et al (1984) investigated the interfacial reactions between deposited iron thin films 
and silicon substrates to produce iron disilicide thin films, and the effect of three 
techniques, namely one-step- and two-step annealing and ion beam mixing. One-step 
annealing was carried out at 400-1000°C, for two-step annealing the first anneal was 
carried out at 300°C for 1 hour and the second anneal at 1000°C for 1 hour. The average
Metastable and Equilibrium Structures in Semiconducting Silicides
Chapter 1____________________________________________________ Properties ofFe, Co & G e-based silicides
grain size was 43 nm, in the as-deposited condition. One-step annealing at 400°C 
produced an average grain size of approximately 100-400 nm. Epitaxial FeSiz was 
detected and as the annealing temperature was increased, the island size increased 
conespondingly for ( l l l)S i  substrates. For (OOl)Si substrates epitaxial growth was not 
detected. The iron thin films reacted with the silicon to foim polyciystalline silicides after 
annealing at 500-800°C. The observed phases were cubic FegSi, cubic FeSi, and 
orthorhombic and tetiagonal FeSiz. Two-step annealing produced epitaxial layers of 
orthorhombic and tetragonal FeSiz during first step annealing of samples at 300-400°C. At 
an annealing temperature of 500°C polyciystalline cubic FeSi, orthorhombic and tetragonal 
FeSiz were produced. The orientation relationship was (220)p-FeSiz // ( lll)S i. It was 
concluded that themiodynamics rather than kinetics were more critical in the giowth of 
epitaxial FeSiz on silicon. This is in agreement with Sanchez et al (1986), who studied 
high dose tiansition metal implantation into (lOO)Si single crystals at room temperature. 
They reported that during iron implantation, the silicide was fonned only after a post 
implantation anneal at approximately 550°C, but this temperature was insufficient to form 
a continuous silicide layer. Cherief et al (1989) studied the giowth of (3-FeSiz on ( lll)S i 
by solid phase epitaxy (SPE) at 800°C, where only the P-FeSiz phase is stable. Using 
TEM, the authors detennined two types of growth, which they called epitaxy A and B. 
Epitaxy A: joining planes (OlO)p-FeSiz // ( l l l)S i  with the azimuthal orientation [OlOJP- 
FeSiz // [OnjSi or [ïOlJp-FeSiz // [îlOjSi. Epitaxy B: joining plane (110)p-FeSiz // (11 l)Si 
with the azimuthal orientations [OOljp-FeSiz // [OîlJSi or [ïOlJSi or [îlOjSi. Mahan et al 
(1990) studied p-FeSiz films, grown by RDE and MBE, by reflection high-energy electron 
diffiaction (RHEED) and TEM. They obseiwed a very high degree of epitaxial alignment 
with the silicon substrate. The observed orientation relationships were (lOO)p-FeSiz // 
(OOl)Si and [010]p-FeSiz // <110>Si.
Oosti'a et al (1991) used Rutherford backscattering spectroscopy (RBS), X-ray diffraction 
(XRD) and TEM characterisation techniques to report on the formation of a buried p-FeSiz 
layer in silicon. Doses used to implant into the silicon substiate were 3 x 10*’, 6 x  10*^  and 
1 X 10^  ^Fe^ / cm^. The implanted samples were annealed in a Nz atmosphere at 600°C for 
30 minutes and subsequently at 900°C for 30 minutes or at 600°C for 30 minutes and 
subsequently 900°C for 150 minutes. RBS revealed that after a 3 x 10^  ^ Fe"^  / cm  ^
implantation, the average stoichiometiy was Fe:Si = 1:3.57. XRD studies indicated the
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presence of p-FeSiz precipitates in the silicon substiate. The same analysis was performed 
for the 6 x 10^  ^Fe  ^ / cm^ implantation where the stoichiometry ratio was Fe:Si = 1:2, with 
XRD indicating again the presence of p-FeSiz precipitates. In the case of 1 x 10‘  ^ Fe^ / 
cm^ implantation the stoichiometiy was Fe:Si = 1.1:1. XRD indicated the presence of p - 
FeSiz precipitates, as well as FeSi and possibly FesSis. It was also observed that after 
annealing the p-FeSiz layer moved towards the surface. Comparing the three RBS spectra 
it was shown that the thickness of the top silicon layer decreased with the iron dose. This 
was attributed to the sputtering of the surface during implantation. TEM of the sample 
after annealing revealed a buried P-FeSiz layer sandwiched between a top silicon layer and 
the silicon substiate. The P-FeSiz layer was polyciystalline, had shaip interfaces and was 
highly defective. Below the p-FeSiz layer there was much residual radiation damage in the 
form of dislocation loops. The orientation relationship between the p-FeSiz precipitates 
and the silicon substrate was (11 l)P-FeSiz or (lOl)P-FeSiz // (11 l)Si.
The evolution of compound fonnation during solid phase epitaxy (SPE) and RDE giowth 
of Fe layers on (lOO)Si has been reported by Alvarez et al (1991). They highlighted the 
stages of Fe-Si compound formation as a fimction of temperature, which were found to be 
in agieement with the theiinodynamic predictions of the Benè rule. The Benè mle predicts 
the first silicide phase to be formed at 430-580°C to be the iron monosilicide (FeSi). The 
FeSiz phase was stable from 600 to 800°C.
Radermacher et al (1991 & 1992a) developed an alternative way of producing iron 
disilicide layers. They used high dose implantation (3 x lO’^  Fe^ into (11 l)Si, followed by 
rapid thermal annealing (RTA) at 1150°C for 10 seconds, which produced the metallic a -  
FeSiz phase. TEM showed the layers to be continuous and buried, approximately 140 nm 
thick. The p-FeSiz layers were produced via the a-FeSiz to P-FeSiz transfoiination by a 
second anneal. The second anneal was conducted at 750°C for 20 hours and produced a 
continuous biuied p-FeSiz layer. RBS showed that the thickness of the a-FeSiz layer had 
deereased after the formation of the p-FeSiz layer. The authors found that there were no 
orientation relationship in the P-FeSiz layer; and believed that the layer consisted of giains 
made up of many ciystal orientations.
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Radermacher et al (1992b) investigated the giowth kinetics involved in iron silicide 
fonnation during RTA on ( lll)S i, using RBS and XRD. The formation process involves 
the sequential growth of FeSi and p-FeSiz. The FeSi formed at 500-625°C and giew by 
diffusion-limiting reaction. The P-FeSiz grew by a nucleati on-con trolled reaction giving 
rise to a (202) // (220) giain texture.
Tassis et al (1997) compared polyciystalline thin films of p-FeSiz prepared by 
conventional melting and casting using a vacuum furnace and RTA for VA hours in the 
temperature range 600 to 900°C. For silieide layers prepared by conventional melting after 
annealing, the giain size increased as a function of annealing temperature. The optimum 
temperature was determined to be approximately 700°C, for best quality layers. At higher 
annealing temperatmes the quality of the material was degraded due to the formation of 
FezO].
Panknin et al 1992 used ion beam synthesis (IBS) at 300 keV and 350°C to produee buried 
P-FeSiz layers in silicon substrates with Fe^ doses ranging from 2 x 10*^  up to 5 x 10*^  Fe^ 
cm'^. They determined that at a dose of 4 x 10^  ^Fe^ cm'^ a continuous silicide layer could 
be produced. However, the layer was defected, but could be improved by a two step- 
annealing treatment. It was also detennined that the higher the dose implanted, the wider 
the P layer produced. Using a dose of 2 x 10*^  Fe^ cm'^ only isolated silicide islands were 
fonned and it was very difficult to fbnn a continuous silicide layer, even with subsequent 
annealing. The a-FeSiz to p-FeSiz tiansfonnation in ion beam synthesized silicide is 
related to the rise in silicon concentration as is observed for bulk compounds.
Gerthsen et al (1992) eonducted a TEM study of the structural properties of ion-beam 
synthesised P-FeSiz layers. They prepared their samples by implanting 200 keV Fe^ ions 
into ( ll l)S i substrates with doses of 1x10*^ Fe’*' cm" .^ The substrate temperature reached 
350°C during implantation. The samples were subsequently annealed using a rapid 
thermal anneal for 10 seconds at 1150°C. The annealing process was continued for 1716 
hours at 800°C where, according to the Fe-Si phase diagram (see section 1.7.1.), the p - 
FeSiz phase would form. The produced P-FeSiz layer was polyciystalline with giains 
ranging fr om several 100 nm to more than 10 pm with the absence of isolated large 
precipitates, which were reported by Oosti'a et al, (1991). The p-FeSiz layer was
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approximately 110 nm thick, situated below a 60 nm silicon top layer, which included a 
high density of defects. These defects were interstitial and vacancy dislocation loops, 
typically 20 to 50 nm in diameter. The presence of these dislocation loops could be 
explained by the condensation of interstitials and vacancies generated by the ion 
implantation process. The epitaxial relationship between the p-FeSiz phase and the silicon 
matrix was investigated by TEM. It was found that the (OlO)p-FeSiz plane grew parallel to 
the ( ll l)S i mati'ix planes. Furthermore, two different azimuthal orientations were 
obsei-ved. The first azimuthal orientation, the [001]P~FeSiz, was oriented parallel to one of 
three <110>Si directions in the interface. The second azimuthal orientation had the 
[100]P~FeSiz direction parallel to one of the <110>Si directions in the interface. It was 
concluded that the growth mechanism and lattice parameter mismatch are the main reasons 
for the orientation relationships in the P-FeSiz / (1 ll)S i heterostiuctures. Radermacher et 
al (1993) determined the same orientation relationships and associated azimuthal 
relationships as Gerthsen et al (1992).
Hunt et al (1992, 1993b & 1993c) used IBS to produce buried a-FeSiz and p-FeSiz layers 
in silicon substiates. ‘^’Fe’*' ions were implanted into a single ciystal (lOO)Si substiate, 
using doses from 3 x lO'^ to 1 x lO'^ ^®Fe^  cm'^, with subsequent annealing at 700°C and 
900°C. In the as-implanted condition a discontinuous layer of FeSix precipitates occuiTed 
at a depth of approximately 1.4 pm, with the bulk silicon containing large amounts of 
dislocations. Diffraction patterns revealed extra spots at approximately 1/3 and 2/3 the 
distance between the silicon spots along the (111) directions. These spots could not be 
indexed independently, but they did account for the (111) planes with double difffaetion 
occiUTing. Annealing at 700°C produced a polyciystalline p-FeSiz layer, approximately 
200 nm thick, with numerous precipitates above and below the layer, but had denuded 
zones immediately adjacent to the continuous layer. The silicide grains contained planar 
defects and election diffraction indicated a high proportion of randomly orientated giains. 
The silicide layers in the samples that were annealed at 900"C were foimd to consist of the 
a-FeSiz phase. The layer was approximately 280 nm thick with grains approximately 5 
pm in width. Numerous small precipitates were observed, which were facetted and 
elongated along the ( ll l)S i planes, above and below the silicide layer. The orientation 
relationship (11 l)P-FeSiz // (11 l)Si was suggested by the authors.
Metastable and Equilibrium Structures in Semiconducting Silicides 12
Chapter 1____________________________________________________ Properties ofFe, Co & G e-based silicides
Oostra et al (1993) used ion-beam synthesis and annealing in (111) and (001) oriented 
silicon to produce P-FeSiz layers. They described how inadiating (11 l)Si with doses of 3 
X 10^ ,^ 6 X 10*^  and 1 x 10*^  Fe / cn f at an implantation energy of 450 keV can produce the 
p-FeSiz phase with a subsequent anneal at 900°C. The low dose produced a layer 
consisting of isolated p-FeSiz precipitates in the silicon matrix. The medium dosage 
produced a layer of buried p-FeSiz precipitates. The higher dosage produced a p-FeSiz 
layer that extended all the way to the surface. In the latter two cases an orientation 
relationship was observed between the precipitates and the substrate. The precipitates in 
both ( ll l)S i  and (OOl)Si, grew on (U l)S i planes preferentially. In ( ll l)S i  substiates 
growth, of the buried p-FeSiz layer produced large precipitates (approximately 5 pm) with 
an epitaxial relationship (lOl)P-FeSiz and / or (110)P-FeSiz // (11 l)Si. In (OOl)Si a buried 
layer with smaller precipitates (approximately 0.5 pm), was produced and the precipitates 
were oriented with the {103}, {320} or {13,7,0} planes parallel to (OOl)Si. All these 
orientations have good geometric lattice matches with the Si(OOl) substrate. For this 
reason, the layers fonned in ( ll l)S i are better than those fonned in (OOl)Si, from a 
structural point of view.
Ravesi et al (1993) investigated the surface morphology and epitaxy of P-FeSiz produced 
by ion beam assisted growth. They reported a gradual densification and improvement of 
the surface morphology of the film as the ion energy and cuiTcnt were increased. 
Furthennore, the ion beam assisted deposition (IBAD) technique had a strong influence on 
the epitaxial enhancement as compared to a film grown without ion beam assistance.
Tenasi et al (1993) investigated the epitaxial development of iron silicides deposited by 
ion implantation. They observed that the effects of the implantation were to reduce the 
average grain size and to increase the epitaxial fraction of the p-FeSiz phase. The 
reduction in average grain size was attributed to increased nucléation rate. Diffraction 
patterns and dark field images taken from the IBAD and non-IB AD samples grown at 
500°C showed that the diffraction spots obtained from the [lOOjP-FeSiz pole were 
superimposed on those from the [001]Si pole. This was attributed to the existence of an 
orientation relationship between the silicide and the substiate. They also reported a 
diffraction ring due to the (141)P~FeSiz planes being visible. It was concluded that the 
silicide layer was polyciystalline with orientation relationships between the grains and that
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the structure of the iron silicide layer was dependent upon nucléation and the early stages 
of growth. This means that the grains nucleated at the interface would grow continuously, 
up to the surface during the deposition process. Therefore, the substrate surface conditions 
were critical and the main effects of the IBAD process can be explained in terms of the 
enhanced nucléation and the local surface cleaning produced by the incident ions. The 
high nucléation rate is consistent with the decrease in the average grain size in FeSiz films. 
The local surface cleaning would assist the fonnation of epi-islands, in the regions hit by 
the ions, thus decreasing the polyciystalline fraction.
Terrasi et al (1994) furthered their work on IBAD p~FeSiz layers by studying the effect of 
ion beam energy and dose on film and interface morphology. They concluded that the 
IBAD process reduces the ciystalline grain size and improves the film moiphology. The 
relationship between the ion beam process and grain nucléation at the silicide / silicon 
interface showed that when the number of Ar'*' reaching the silicide / silicon interface was 
approximately about 1/3 of the silicon surface atomic density; the nucléation mechanism 
tends to saturate.
Tavares et al 993) investigated the morphology of a buried ion beam synthesised FeSiz 
layer m (OOl)Si. Using TEM, these researchers reported the presence o f a number of 
preferential orientations with respect to the silicon. Plan view transmission electron 
microscopy (PVTEM) revealed irregularly shaped grains with rounded edges after ion 
implantation, as compared with the polygonal shaped grains in the annealed samples. 
Cross-sectional transmission electron microscopy (XTEM) revealed irregularly shaped 
giains and that the interface between the silicide and the upper silicon layer was irregular. 
The upper silicon layer was 50-100 nm thick and the silicide layer was 80-100 nm thick. 
The giain size increased from 120-150 nm (in the as—implanted condition) to 200-400 
nm after annealing. Moiré fringes were observed in the upper silicon layer and in the 
bulk silicon, which indicated the presence of embedded silicide precipitates within the 
silicon matiix. The researchers also observed the radiation damage, reported by Oostra et 
al, (1991) beneath the silicide layer, which to^k the form of dislocation loops. The most 
residual damage was obseived less than 200 nm beneath the silicide layer, into the bulk 
silicon, before dissipating away at depth greater than 400 nm.
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Crecelius et al (1993) implanted iron into ( lll)S i. Using low dose implantation they 
fonned precipitates that were close to P-FeSiz. Using medium dose implantation a 
metallic a-FeSiz layer was formed at low implantation temperatures. At high implantation 
temperatiue a-FeSiz precipitates were fonned, with a few transforming to the p-FeSiz 
fbnn. During high dose implantation a p-FeSiz layer was fonned close to the surface, with 
an a-FeSiz layer and a-FeSiz precipitates deeper in the bulk. The authors suggested that 
at higher implantation dose self-annealing occius, caused by the beam that can assist the 
transformation of a-FeSiz to p-FeSiz. They observed no iron monosilicides (FeSi), see 
section 1.2.1, in the samples, which is contrary to the report of Cheng et al (1984) and 
Oostra et al (1991). However, Crecelius et al (1995) did observe FeSi as a function of 
increasing dose, when implanting 350°C.
Peale et al (1993) studied the hétéroépitaxial giowth of P-FeSiz on strained silicon, caused 
by silicon-germanium buffer layer, and unstrained silicon substrates. The results indicated 
that significant improvements in layer growth could be achieved by using a FeSiz template 
layer followed by additional codeposition for iron and silicon upon the template layer. 
Further improvements in the quality of the silicide layer were gained by using strained 
silicon substrates. Codeposition was seen as an advantage, as previous attempts to fbnn 
silicide films from thick iron deposits were frustrated by the inability of the reactants to 
mix into the proper stoichiometric ratios, Moritz et al (1992). This problem was seen as a 
consequence of the first reactions at the Si / Fe interface producing a film of p-FeSiz that 
acts as a significant difflrsion barrier for silicon and / or iron. Once a layer of P-FeSiz is 
fonned at the interface, the difflrsion of silicon and / or iron necessary for film gr owth must 
occur preferentially along grain boundaries.
Herz & Bruckner (1998) studied the mechanical stress on co-evaporated p-FeSiz+„ (u < ± 
0.12) thin films, produced by the annealing of amorphous FeSiz+ u layers on silicon 
substrates. A large tensile stress within the film was generated due to the structural 
relaxation of the amorphous film during deposition and annealing up to 400°C. 
Crystallization to P-FeSiz induced a very small stress component for u < 0, but a distinct 
tensile stress for u > 0. The densification process was manifested in the reduced 
tliicloress of the film, which caused cracking and delamination of the layers.
M etastable and Equilibrium Structures in Semiconducting Silicides 15
Chapter 1____________________________________________________ Properties ofFe, Co & G e-based silicides
Maltez et al (1995) studied the phase transition of y-FeSiz (see section 1.2.1.) to P-FeSiz 
precipitates induced by annealing, thus producing a better lattice match with the silicon 
matrix. They reported that the y-FeSiz to P-FeSiz phase transition started at 700°C and 
was completed at 900°C. However, Grimaldi et al (1994) & Yang et al (1996) observed 
the y-FeSiz phase in as-implanted and annealed samples only up to 600°C. There was a 
redistribution of iron first towards the smTace and then towards the bulk. Precipitate 
coarsening was also observed.
Santos et al (1995) studied the ion beam mixing of a thin iron film and a silicon substrate 
under xenon beam inadration, in the temperature range 120°C to 400°C. For temperatures 
below 160°C, dynamic collision processes involving ballistic mixing and radiation 
enhanced diffusion controlled the intermixing process. For temperatmes above 160°C the 
radiation enhanced diffusion dominated the intermixing. The amount of mixed atoms was 
controlled by diffiision process with intermixing at T < 300°C. The p-FeSiz phase formed 
predominantly followed by, in order of magnitude, FesSi and FeSi. Ion beam mixing at 
400°C resulted in a much less uniform concentration in the mixed layer; with the 
predominant phases being FcgSi and FeSi, with P-FeSiz and a-FeSiz also being formed.
Radio frequency sputter deposition was used by Tsunoda et al (1996) to produce p-FeSiz 
films above 300°C close to the FeSiz stoichiometry. Wlren the composition deviated 
towards the Fe-rich side, FeSi was formed along with P-FeSiz. The a-FeSiz phase 
observed in films deposited as low as 450°C when the composition deviated towards the 
Si-rich side of the Fe-Si phase diagram (figure 1.10).
Wu & Shimizu (1996) grew p-FeSiz thin films on (110)Si by RDE. They discovered that 
with increasing the film thickness the P-FeSiz, FeSi and the pseudornorphic phase y-FeSiz 
and / or FeSii+x (0 < x < 1) were observed on (llO)Si depending on the annealing 
conditions. Rotation twins were also observed. At 450°C the main phase to be formed was 
FeSi. As the growth temperatiue was raised to 540°C the as-gr own film was characterized 
as a mixture of FeSi, p-FeSiz, y-FeSiz and / or FeSii+x. The latter has a defected CsCl 
structure. Increasing the grown temperature further to 600°C, the film consisted of islands 
of p-FeSiz and y-FeSiz and / or FeSii+x. Annealing at 730°C transformed the y-FeSiz and / 
or FeSii+x to P-FeSiz. The P-FeSiz islands had (TlO)P-FeSiz/ / (221)Si and (rlO)P~
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FeSiz/ / (22ï)Si. The matching face on (llO)Si was identified as (-410)p-FeSiz since this 
plane offers the best lattice match to the (llO)Si surface. During RDE all silicon atoms 
used to fbnn silicide film are extracted from the silicon substrate. For thicker films, the 
transport of silicon across the whole film can cause poor layer morphology and surface 
roughness. The growth temperature has been shown to strongly influence the phases that 
are fonned. Tanaka et al (1997) have reported that the iron deposition rate has a strong 
influence in RDE. They indicated that simultaneous deposition of iron and silicon by MBE 
may be a good alternative method for growing p-FeSiz on (110)Si.
Baldwin & Ivey (1996) reported on low temperature reactions of 40 nrn iron layers on 
silicon substrates that had been capped with 120 nrn SiOz. The results indicated that FeSi 
was the first phase to form, at temperatures as low as 300°C, and that the formation was 
diffusion controlled. The transformation of most of the layer to p-FeSiz was finally 
achieved by annealing at 650°C for 1 hour. The p-FeSiz formation was nucléation 
controlled.
Maeda et al (1996) observed that radiation enhanced diffusion of iron implanted into
(100)Si at room temperature occurs in the damaged surface layer that contains large 
amounts of silicon vacancies (~10*  ^atoms / crn^). There is a relationship between radiation 
enhanced diffusion and the amounts of remaining silicon vacancies after annealing. The 
surface segregation of iron atoms due to radiation enhanced diffiision depends on 
implantation energy and annealing temperature (as shown by Katsurnata et al (1996 & 
1997). Within the highly damaged surface, formation of nucléation centres were 
determined to be also enhanced radiation enhanced nucléation by the induced high density 
of vacancies. Radiation enhanced diffusion and radiation enhanced nucléation enhance the 
formation of orthorhombic p-FeSiz near the surface of implanted (lOO)Si.
Banadas et al (1997) shidied the influence of IBAD deposition parameters on the 
fonnation of P-FeSiz layers. The layers grew in a columnar morphology with pin-holes 
and rough surfaces. The IBAD process using low argon energy (Em = 200 eV) and a low 
argon ion to iron atom ratio (Im / Ape = 0.15) was found to improve the layer structure, 
compared to samples without argon irTadiation. The surface roughness was observed to be 
at a minimum and Tess’ pin-holes were seen, compared to samples without argon
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iiTadiation and at other Iat / Ape ratios. The roughness increased as a function of Eai or Iat / 
Apc. All samples were polyciystalline but with a pronounced texture and a preferential 
orientation (110, 101)P-FeSiz // (OOl)Si at a few degrees misorientation. Gumarov et al 
(1997a) studied the effect of the ion ciuTent densities during Fe’*' implantation in (lOO)Si at 
elevated temperatmes. Increasing the ion current density led to an increase in the relative 
amount of p-FeSiz. Tliis was attributed to the spreading of the iron profile, which led to 
the occuiTence of radiation enhanced diffiision during implantation. However, a high ion 
cuii ent density would lead to a high rate of defect creation.
Shao et al (1998) showed that there are two phase formation paths depending on iron dose 
during ion implantation. For low Fe doses (~4 x lO'^ Fe^ / cm^), Si(Fe) y-FeSiz a -  
FeSiz —> P-FeSiz and for high Fe doses (~4 x 10*’ Fe'*’ / cm’) Si(Fe) —> y-FeSiz —» p-FeSiz. 
Dming either the decomposition of the a-FeSiz phase in the silicon substrate or annealing 
of the as-implanted samples below the a-FeSiz / P-FeSiz tiansition temperature, 90° 
rotation boundaries were obseived within the p-FeSiz phase. The formation meehanism of 
these boimdaries was attributed to the impingement of the (200)P-FeSiz growth fronts of 
separately nucleated p-FeSiz plates.
The mixing of iron layers on silicon using an inert gas, reported by Santos et al (1995), was 
not veiy efficient. However, Milosavljevic et al (2001a) managed to fbnn p-FeSiz layers 
using Fe / Si bilayers and xenon induced ion mixing at 600°C which, as the authors stated, 
is comparatively lower than the temperatures used in many other methods. Milosavljevic 
et al (2001b) managed to produce continuous and polyciystalline p-FeSiz layers using 
irradiation of Fe / Si bilayers with Fe^ ions, with subsequent annealing at 870°C. The 
layers, 275 nm thick, had a uniform and flat surface and shared a flat interface with the 
silicon substrate. The orientation relationship (202)P~FeSiz // (11 l)Si was reported.
1.2.3 Orientation Relationships
The most commonly stated orientation relationship (OR) for epitaxial smfaee p-FeSiz 
layers is: [010>p~FeSiz // <110>Si and (200}p~FeSiz // {004}Si, where the b - and c-axis 
are almost the same and so can be considered equivalent (Yang et al 1995a), (Mahan et al
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1990) and (Geib et al 1991), When a slight deviation from this OR occurs a modified OR 
is produced such as [010>P-FeSi2 // <110>Si and (202}P-FeSi2 // {202} Si and the 
crystallographically equivalent [11 l>p-FeSiz // <110>Si and (110}P-FeSi2 // {111 }Si 
[Cherief et al 1989]. These ORs are known as deviated type 1 ORs. The relationship 
between these ORs is summarised in a stereogram, which shows that the latter ORs deviate 
from the ideal type 1 ORs by 4° as shown in figure 1.6. The type I ORs are produced by 
small lattice mismatches between the matching lattice planes (table 1.1). It is now 
recognised that the formation of the P-FeSiz phase occurs via the formation of a metastable 
cubic y-FeSiz phase, which precedes the nucléation of the P-FcSiz phase. The y-FeSiz 
phase can be considered as an ordered silicon solid solution that is crystallographically 
coherent with the silicon substrate (Yang et al 1996).
OR type [uvwjp // [uvwjs, (uvw)p // (U V W )si” 5 (%) (np/ Us,) Processing Refs.
Type I [100> //< 001> (020} // {220} + 1 .5 (1 /I) MBE, RDE, SPE Si(OOl) Geib et al 1991
Deviated 
Type I
[010> //< 110> (202} // {II I}  
(020> // {220}
-2.1 (I /I )  
+ 1.5 (1/2)
MBE, SPE S i(III)  
IBS Si(IOO) 
IB S S i(III)
Chieriefer a/I 989 
Tavares et a l 1993 
Oostra et al 199 1
Type II [IOO]//<IIO> (002} // {II I}  
(2 0 0 )//{2 2 0 }
-0.08 (4/5) 
+2.5 (2/5
IB S S i(III)  
IBS S i(III)
Gerthsen et al 1992 
Shao et a l 2000
Hybrid A [O O I>//<III> (020} // {220} 
(2 0 0 )// {224} 
(0 0 2 } // { II I}
+ 1.5 (1/2) 
-0.08 (4/5)
IB S S i(III)  
MBE, SPE S i(III)
Gerthsen et al 1992 
Chierief et o/I989  
Von Kanel et al 1993
Hybrid B [IO O >//<III> (002} // {220} 
(2 0 0 } // { II I}
+ 1.5 (1/2) 
+4.2 (2/3)
Predicted ORs Shao et al 2000
Type 145 [100> //< 001> (020} // {040} 
(220} // {220}
+1.6 (1/4) 
-4 (2/3)
MBE, RDE, SPE Si(OOI) 
(at Low T)
Geib et al 199 1
Tabic 1.1: The reported orientation relationships, where 5 is the lattice mismatch, 
after Shao et al (2000).
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Figure 1.6: Stereographic projection for the |010|p // [llOlsi and (lOO)p // (OOl)si OR, 
after Shao et al (2000).
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Figure 1.7: The metastable (a) y-FeSiz crystal structure and (b) p-FeSiz crystal 
structure, after Shao et al (2000).
The dashed lines in figure 1.7b show the relationship between the y-FeSiz and P-FeSiz- 
phases. Figure 1.7a shows a distorted y-FeSiz unit cell, which is related to the P-FeSiz 
phase as: [OlOJP-FeSiz // [110]y-FeSiz and (lOO)P-FeSiz // (OOl)y-FeSiz. Research has 
demonstrated how IBS can be used successfully to produce either a continuous layer of P- 
FeSiz grains (Yang et al 1995, Oostra et al 1991, Gerthsen et al 1992, Hunt et al 1993c, 
Tavares et al 1993) or localised P-FeSiz precipitates in silicon substrates by low dose 
implantation (Lcong et al 1997). Gerthsen et al (1992) investigated the buried layer of P- 
FeSiz grains and reported two dominant ORs [100]P-FeSiz // <1 lO S i and (OOl)P-FeSiz // 
{ lîljS i, referred to as a type II OR and [OIO>p-FeSiz // [llOJSi and (001}P-FeSiz // 
{III}Si, referred to as a hybrid A in table 1.1. The hybrid A OR is derived by rotating the 
Type II P-FeSiz around [OOIJP-FeSiz // [lïIJSi through 90° and is obviously a hybrid of 
the type I and type II ORs. Further deviations of ORs have been observed, particularly 
when high doses of Fe  ^ are implanted (Yang et al 1995b). Recent work by Shao et al 
(2000) has clarified the relationship between the various orientation relationships. The
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type I ORs are dominant for p-FeSiz thin films grown on the top of the silicon substrate. 
The type II OR, which has considerable lattice mismatch with silicon, is characteristic of 
nanometre scale P-FeSiz precipitates. Relaxation of sti’ain due to giain growth leads to 
scattered ORs of IBS buried p-FeSiz [Shao et al 2000]. It will be shown in the following 
section that strain levels due to different ORs are important to the nature of the band gap of 
P-FeSiz.
1.2.4 Electiical and Optical Properties
Birkholz and Schelm (1969) investigated the semiconductor-to-metal transition in iron 
disilicide. The authors used a model proposed by Alder and Brooks (1967). The model 
was a band generalization of the Jahn-Teller effect, which predicts very naiTow bands. 
The energy gap at absolute zero Ego is proportional to the transition temperature T
Ego = 8.1kTt (Eq 1.1)
where k = Boltzmann’s Constant. The intiinsic canier concentiation n; at the transition 
temperatui'e is:
ni = 0.023 N (2 N density of states in the metallic band) (Eq 1.2)
The band gap decreases with increasing earner concentration:
E s =  Eso) 1--------------------------- (Eq 1.3)- 3/7, N
Using Eq. 1.1 with T  = 1210 K one gets Ego = 0.85 eV. Since the band gap is dependent 
on temperature it cannot be determined from the slope of the In cj (conductivity) vs 1/T 
plot. Therefore, a modified equation was used:
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CT ~ — = exp- Ego (Eq 1.4)
In order to estimate the density of states, the conductivity of the semiconducting phase at 
the transition point was used. According to Eq. 1.2:
cT(Tt) = 0.023 Ne ( P n  +  P p )  (Eq 1.5)
This was in good agreement with measurements taken, since the experimental results 
indicate that every iron atom donates two elections into the conduction band. Since every 
iron atom has an even number of neighbouring atoms, the number of band electi ons should 
be even. Tlierefore, the obtained value would appear to be reasonable. Birkliolz and 
Schelm (1969) were able to explain the conduction mechanism in the metallic a-FeSiz. 
However, they found it more difficult to explain the conduction mechanisms in p - and n - 
P-FeSiz. They assumed that the lower 3d valence band originates fiom the silicon. 
Therefore, that 3p band will detennine the electrical properties of the p-FeSiz at room 
temperature.
Mahan and Bost (1985) first studied the optical properties of semiconducting iron disilicide 
thin films. They made use of the thermally aetivated component of resistivity, since it is a 
reliable indicator of the semiconducting state. Using transmittance and reflectance spectia 
for a series of film thicknesses they determined that the semiconducting p-FeSiz thin film 
had a minimum direct forbidden energy gap of 0.87eV. They concluded that with such a 
direct gap the material might be suitable for developing light-emitting and light-sensitive 
devices that may be produced using existing silicon microelechonic technology. Eppenga, 
(1990) contradicted the work of Mahan and Bost, (1985). He used augmented spherical 
wave method and concluded fiom band structure calculations that p-FeSiz had an indirect 
band gap of 0.44eV. Christensen (1990) used the linear muffin tin orbital (LMTO) method 
and found an indirect band gap of 0.85eV. He concluded that gap formation in P-FeSiz is 
dependent on ciystal stmctiue. Eppenga (1990) and Christensen (1990) both agreed that 
the band gap was indirect in nature, but disagi eed on the identification of the gap transition 
and on the width of the gap. Both authors demonstiated that the calculated gap is 
dependent on the ratio r, of the atomic sphere radii of the Fe and Si. According to Moroni
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et al (1999) this shows that the LMTO method is not reliable for calculating these gap 
properties.
Dimihiadis et al (1990) prepared iron disilicide thin films that contained a high defect 
density (approximately lO'^ cm'^) and low mobility around 1 cm^ V ’ s'*. Tliey deteimined 
a direct gap of 0.85eV for p-FeSii at room temperature and suggested that lower growth 
temperatures yielded better quality films, lower earner concentiation and higher mobility.
Radermacher et al (1994a, 1994b) used high dose implantation of Fe^ ions by ion beam 
synthesis and subsequent two-step annealing to produce epitaxial Si / p~FeSi2 / Si 
heterostiuctures. They used optical absoiption experiments at room temperature to 
determine the nature of the band gap by measuring the absorption coefficient a , as a 
function of the photon energy, hu. In the case of a direct transition a  is given by:
a  (hu) = A (hu - Eg'*)*^  ^ (Eq 1.6)
and for an indirect transition:
a  (hu) = A’ (hu - Eg*'''* - Eph)^  (Eq 1.7)
where Eg'* and Eg'"'* are the magnitudes of direct and indirect gaps, A is a constant for an 
allowed direct transition, Eph is the phonon energy and A’ contains the probability of 
phonon emission. The results obtained by Radermacher et al (1994a, 1994b) indicated a 
direct and indirect transition, and by linear extrapolation to a  = 0:
Eg*"'* + Eph «0.78 eV (Eq 1.8)
Eg'* « 0.83 eV (Eq 1.9)
The indirect transition at room temperature observed up to 0.78 eV was consistent with any 
lack of Photoluminescence (PL) signal. There was no PL signal in the energy range of » 
0.9 eV, near the direct band gap.
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Hunt et al 1994 demonstrated how both fonns of the FeSii phase could be produced by ion 
beam synthesis (IBS). The authors agieed with Birkholz and Schelm (1969) that the a -  
FeSia contains approximately 18% vacancies and forms during annealing above 950°C. 
They observed PL below the transition temperature (937°C), where the semiconducting 
phase is formed. PL measurements were observed at 1.54 pm and increased in intensity 
with coiTesponding decreases in line width as the annealing time and temperature were 
increased (up to 937°C). They confinned that the PL signal originates from the FeSi2 
phase and obsei"ved a direct transition with a band gap of 0.87 eV, which agieed with 
02vold et al (1995). However, Wang et al (1994) conducted optical transmittance 
absorption studies at an energy range of 05-1.1 eV, which revealed a direct gap of 0.84 eV. 
Room temperature optical absorption measurements of P-FeSi2 conducted by Kobayashi et 
al (1995) and Katsumata et al (1996) revealed a direct band gap of 0.868-0.885 eV with an 
associated high absoiption coefficient of the order of 10"* cm * near the absoiption edge.
Reeson et al (1995) extended this work on PL in IBS p-FeSi2 by relating the signal to the 
microstructure. They implanted several samples with vaiying doses ofFe ions. In samples 
implanted with 1 x 10 *^* Fe cm the microstructure contained no precipitates and no PL 
signal would be obtained at 80 K. Samples implanted with doses of 1 x 10*^  Fe cm“^ , 5 x 
10*^  Fe cm~ ,^ 1 x 10*^  Fe cm”^  and 5 x 10*^  Fe cnT^ were subjected to PL spectra at 80 K, 
which revealed luminescence lines at 0.81 eV with line width of approximately 40 meV. 
This was attiibuted to the presence of small p~FeSi2 precipitates in the sample. The largest 
PL signal was produced by samples implanted with a dose of 1 x 10*® Fe cm~ .^ 
Microstmctural analysis using TEM revealed the presence of precipitates with diameters of 
4000-6000 nm at the surface. Smaller precipitates (-500 nm) were observed within the 
projected range of the implant. Samples implanted with higher doses (4 x 10*^  Fe cm~ )^ 
produced a continuous p~FeSi2 layer. In this case, the PL signal was indistinguishable 
fi'om the background noise at 80 K and above. It was demonstrated that luminescence 
could be sustained at temperatures above those the signal was lost previously. This holds 
important implications for silicon-based applications, Toimn et al (1996) showed how ion 
implantation with transition metal dopants (Co, Mn, Cr and Ni) affected the p-FeSi2 phase. 
They revealed that these elements replaced iron on its two inequivalent lattice sites. The 
addition of cobalt had the effect of shifting the absorption edge to lower energies. All the 
elements were also found to decrease the band gap.
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Several researchers (Miglio and Malegori 1995, Miglio et al 1999, Moroni et al 1999) have 
deinonsh ated how the presence of a strain field can and will affect the band gap in the iron 
disilicide. Miglio and Malegori (1995) reported that the nature of the band gap is 
dependent on crystal structure and that a small decrease in the first neighbour distance 
would produce a change in the natiue from indirect to direct band gap. Miglio et al (1999) 
continued this work, by investigating the strain dependence of band gap nature in p-FeSi2 , 
and how the effect of a strain field changes the band gap fr om indirect to direct. They used 
theoretical and experimental results to obtain band structure plots of some common 
orientations between p-FeSi2  precipitates and silicon for the cases of strained and 
unstrained matiices. Their results indicated that for the case of (110)P-FeSi2 / / ( I I  l)Si the 
direct band gap causes a lowering of the conduction band, which does not occur in the
(101)P-FeSi2 // ( l l l)S i  orientation, even though these two orientations are practically 
indistinguishable using TEM analysis. There is no isotiopic behaviour in the 
coiTesponding plane, despite there being similarities in the b and c axis.
Clark et al (1998) reported the results of density functional calculations performed on the 
(3-FeSi2 phase where the lattice parameter is constrained in the hétéroépitaxial system 
(100)P-FeSi2 // (OOl)Si. This system forms two types of lattice matching Type A: 
[010]P-FeSi2 // <110>Si and Type B: [OlOJP-FeSis // <001>Si. In the fully relaxed 
condition the indirect band gap was reported as 0.73 eV using a generalised gradient 
approximation (GGA). However, Moroni et al (1999) made use of the GGA method to 
determine an indirect 0.62 eV band gap. They suggested the difference might be due to 
the slightly different lattice parameters from the bulk ground state. The authors’ data for 
the a parameter was approximately 1% larger whereas the c parameter was about 1% 
smaller than the Clark et al (1998) values. In the type A system the b and c lattice 
parameters were reduced by 1.4% and 1.8% respectively to fit the silicon substrate. The 
main effect was to lower the energy of the top valence band, which significantly changes 
the material’s electi'onic properties. In the type B system the b and c lattice parameters 
were mcreased by approximately 4% with respect to the bulk case to fit the silicon 
substrate. The top valence band was increased in energy reducing the indirect gap to
0.53 eV and the direct gap from 0.82 eV in the fully relaxed case to 0.62 eV in this 
case.
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1.2.5 Iron Implantation into Silicon-Gennanium (SiGe) Layers
The properties of strained Sii.^Ge^ / Si heterostmctures (Heimnent et al 1995, Whall and 
Parker 1995, Tang et al 1995, Cristiano et al 1996), which can be easily produced by ion 
implantation followed by subsequent annealing, have received considerable attention. This 
is because Sii.^Ge^ layers enhance the speed and flexibility of silicon and are completely 
compatible with existing silicon technology. These layers can be further modified by the 
implantation of transition metals. These strained and coherent layers are of considerable 
interest since they allow the modification of the optical and electiical properties of the 
semiconductor. Researchers have also investigated the thermally induced metal / Sii-xGex 
thin film reactions in palladium and platinum (Liou et al 1992), cobalt (Lauwers et al 
1993) and titanium (Aldrich et al 1995). However, there are no published studies 
concerning the Fe / Sii-xGex reactions that are considered in this research.
1.3 Cobalt Silicides
1.3.1 Introduction
CoSL has a cubic CaFz structure (a = 0.5365 nm) with a lattice mismatch of -1.2% to Si 
(0.543 mn), and can been grown epitaxially on silicon. There are several stages in the 
foiination of cobalt disilicide (CoSiz):
Co Co^Si CoSi CoS%.
The unit cell, shown in figure 1.8, shows that eight equidistant silicon atoms at the comers 
of a cube smiound each cobalt atom, whereas each silicon atom is sunounded by four 
equidistant cobalt atoms at the comers of a tetrahedron.
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:
Figure 1.8: A Schematic diagram of CoSiz in the (153) projection (Co = blue spheres, 
Si = green spheres).
One of the most important reasons for the interest in CoSiz is its thermal stability. CoSiz is 
a line compound with a very high congruent melt temperature at 1326°C. CoSiz also has a 
very low electrical resistivity (approximately 15 pfl cm). The solubility of cobalt in silicon 
is very small and is given the following equation from Mantl (1992):
Cco= 1x10-® exp I kT cm (Eq 1.10)
This gives a cobalt solute concentration of 6 x lO'* cm'^ at 1000°C. Cobalt is an extremely 
fast diffusing species in silicon; it migrates intcrstitially, and stays predominantly on 
interstitial sites at high temperatures in thermal equilibrium. On quenching the interstitials 
form pairs or precipitate, which inhibit any electrical signal. The diffusion coefficient of 
cobalt can be determined by the relationship:
Dco = 0.02 exp -0 .69eFkT cm  ^s'* (Eq 1. 11)
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1.3.2 Formation and Stmctiiral Characteristics of Cobalt Implanted Silicon
Sanchez et al (1986) studied high dose transition metal implantation into (lOO)Si single 
ciystals at room temperature. They produced a layer of CoSi approximately 100 nm thick 
during the implantation process. The authors concluded that there were long-range 
diffiision effects occuning during the implantation process, during which a temperature 
rise was suspected. White et al (1987) studied buried single-ciystal CoSiz layer in silicon, 
by high dose ion implantation of cobalt followed by annealing. They foimd that the layers 
grew in both the (100) and the (111) orientations, with those in (111) possessing better 
crystallinity, but the (100) orientations possessed higher electiical quality. Denien and 
Arnaud d'Avitaya (1987) stated that there are two orientations for CoSiz on ( lll)S i, as 
shown in Figme 1.9. In orientation A, the CoSiz and the silicon unit cells are aligned, 
whereas in orientation B the CoSiz is rotated by 180° about [111] with respect to 
orientation A. Both orientations are distinguished by the silicide being teiininated on the 
planes of silicon and cobalt atoms.
Vanhelleniont et al (1991) studied by TEM ultra thin cobalt layers buried in silicon 
substrates fonned by IBS, with emphasis on the quality of the CoSiz / Si interface, defect 
generation in the silicon substiate and the fonnation of pinholes in the buried ultra thin 
silicide layers. They used low energy (<100 KeV) coupled with low dose (<10*  ^ cm'^) 
cobalt ion implantation into S i( l l l)  and Si(OOl) substrates. In the S i( ll l)  substrates the 
interface energy is minimal, and consequently very flat interfaces were obseived. In 
Si(OOl) substi ates, the fonnation of flat interfaces was more difficult.
Dekempeneer et al (1991) attempted to understand the effect of the implantation 
temperature on the IBS of CoSiz, by using high-energy implantation of cobalt ions into 
silicon substiates at temperatures ranging between 250°C and 500°C. They reported that 
for the IBS of CoSiz there is an optimum implantation temperature that exists and is located 
above the limit where amoiphisation occurs. Outside the optimum implantation 
temperature, problems will occur due to the precipitate size distribution and / or strain 
situation in the as-implanted condition. Ion beam cuiTent density was also deteimined to 
be a critical parameter, since it affects the damage population rate and the precipitate 
gi'owth (tluough implantation time). Furthermore, a high ion beam cunent density will
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raise the optimum implantation temperature. An example was quoted where for an ion 
beam current density of 16 pm / cm", the optimum temperature interval is less than 100°C 
wide and centred around 350°C.
A oriGntabon
X w(b)
B  orientat ion
- (cl)
o Co
Figure 1.9: Two possible orientations A and B of CoSiz on S i(lll) . A orientation (a) 
The tacking sequence of [111) planes is unchanged. The coordination of the cobalt 
atoms in its last plane is 7. (b) The coordination of cobalt atoms in its last plane is 5. 
B orientation (c) the stacking sequence of the |111| plane is reversed on crossing the 
interface. The coordination of the cobalt atoms in its last plane is 7. (d) The 
coordination of cobalt atoms in its last plane is 5. These models assume that the 
silicon is coordinated tetrahedrally, after Derrien and Arnaud d’Avitaya (1987).
Jebasinski et al (1992) smdied the effect of varying implantation energies on the IBS of 
CoSiz, with subsequent high temperature annealing. The implantation energies ranged 
from 30 to 200 keV. Implantation was done into (111) and (lOO)Si substrates. The 
relationship between strain and orientation of CoSiz layers of different thicknesses was 
analysed. It was determined that both thick and thin layer have the same strain Et= 1.22% 
in Si(l 11) orientations and in (lOO)Si Et = -1.4%. The orientation of the (11 l)CoSiz layers
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dependent on the layer thickness, a thick layer was type A, while a thin layer was type B 
(shown in figure 1.9).
La Via et al (1993) attempted to produce a S i /  CoSiz / Si heterostmcture by depositing 
cobalt and silicon on Si(OOl) substiate at 600°C. They managed to produce CoSiz layers, 
but, the elevated deposition temperature led to a highly non-uniform overlayer. It was 
found that depositing the silicon at room temperature and crystallising the amoiphoiis layer 
by SPE could overcome this problem. The silicon overlayer that was produced in this way 
was more unifoiin, but was still deteimined to be highly defective. A preliminary study of 
ion beam assisted deposition of Si onto CoSiz / Si, was conducted but it proved difficult to 
select the conect processing parameters to attain improvements in the quality of the 
heterostiucture.
Kasko et al (1993) investigated the effect of ion beam mixing temperature on the formation 
of CoSiz. For ion beam mixing temperatures at or above 400°C, CozSi, CoSi and CoSiz 
were obseiwed. The native oxide layer between the cobalt and silicon substrate prevented 
any elemental interactions at lower ion beam mixing temperatures. The as-implanted 
samples were subjected to a two step anneal to foim CoSiz. For implantation at or above 
400°C radiation enhanced diffiision gave rise to improved mixing and the fonnation of 
smooth CoSiz layers with abrupt interfaces during subsequent annealing.
1.3.3 Fonnation and Stmctinal Characteristics of Cobalt and Iron Implanted Silicon
Dual implantation of iron and cobalt into silicon with subsequent annealing has been used 
to form both CoSiz and FeSiz. Hunt et al (1993) reported that this technique could be used 
to produce superior quality epitaxial silicide layers than those produced using single 
species implants. For low cobalt dose followed by a high iron dose a single-phase solid 
solution was fonned and no segregation was observed. Photo luminescence at 1.54 pm was 
obsei-ved from this layer, but with a much lower intensity and broader line width than that 
reported from a pme {3-FeSiz layer. For a high cobalt dose and medium iron implants 
(-10% of cobalt atoms), segregation occuned which was manifested in the a-FeSiz phase 
being separated fiom the silicon substrate by the CoSiz phase, with the fourfold axis of the 
a  perpendicular to the substiate surface. It was suggested that the fonnation of an
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intennediate CoSiz layer contains iron and assists the formation of epitaxial FeSiz layers 
containing cobalt by reducing the lattice mismatch. When the implanted dose of cobalt 
was low ( ~ 1  to 1 0 % of the iron dose) and was followed by high dose iron implantation, 
segregation did not occur. It was observed that up to at least 1 0  mole percent of CoSiz 
could be dissolved in the FeSiz layer at 1000°C to produce a polyciystalline surface layer. 
The addition of approximately 1 % cobalt was deteimined not to shift the wavelength of the 
photoluminescence signal as compared with the iron only implant, but the peak intensity 
decreased and broadened following annealing at 900°C for 18 hours.
Panknin et al (1993) substituted 20% cobalt in the p-FeSiz lattice, by dual implantation of 
iron and cobalt into (lOO)Si using two methods to foim (Fe,Co)Siz ternary compound. The 
first method was to implant cobalt into a p-FeSiz layer followed by an inteimediate anneal 
resulting in a buried P-FeSiz layer, if the annealing temperatine was lower than 850°C, 
otherwise a defective silicide layer was observed. The second method was to implant 
cobalt into a polyciystalline defective p-FeSiz layer, with no intermediate anneal resulting 
in a mixture of defective p-FeSiz and a-FeSiz at lower temperatures of the post 
implantation annealing process as compared to implantation with an intermediate 
annealing. Single ciystal buried P-(Fe,Co)Siz layer system could not be formed by this 
process. The authors suggested this was because the defective layer imderneath the 
original p layer prevents any epitaxial giowth. For the fonnation of the p-(Fe,Co)Siz by 
IBS, the cobalt implantation must be performed in the FeSiz layer containing large 
crystallites, and no underlying defective layer. The post implantation annealing process 
should be perfoimed at temperatures below the transition temperature, where epitaxy 
should be possible, particularly if the cobalt implantation creates an amoiphous layer.
Wieser et al (1993) investigated the possibility of modifying the behaviour of 
semiconducting silicides by the addition of cobalt to influence the electionic properties, 
especially the band gap, and possibly improve the epitaxial giowth of the silicide layers by 
IBS. They considered the following in the IBS of teraaiy (Fe,Co)Siz:
1. The possibility of substituting up to 20% of iron by cobalt in the p-FeSiz 
shucture.
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2, The influence of the cobalt substitution on the P-FeSiz a-FeSiz phase 
transition,
3, The semiconducting properties of the temaiy P-(Fe,Co)Siz silieide.
It was deteimined that the p-FeSiz structure is not affected by the substitution of 20% of 
iron by cobalt atoms. Furthermore, increasing the cobalt content decreases the stability of 
the P-FeSiz stiTicture, which decreases the temperature of the a-FeSiz to p-FeSiz phase 
transition. Panknin et al (1994) conducted a study of the effect of adding cobalt to p-FeSiz 
layers, with respect to the electrical properties. Substituting 15% of the iron atoms by 
cobalt resulted in a decrease in the band gap energy from 0.84 eV to 0.68 eV.
Hany et al (1995) studied the implantation of iron and cobalt into (100)Si. In the samples 
where the iron was implanted first, the silicide layer appeared to be non-ciystalline in the 
as-implanted condition, and after annealing at between 600 and 1000°C there was no 
significant change in the microstmcture. This was in contrast to the samples in which the 
cobalt was implanted first, where the layers appeared to be single crystal, with the degiee 
of ciystallinity being stiongly dependent on the annealing temperature. They also reported 
that for cobalt doses > 2.5 x 10*^  cm'^, where the cobalt was implanted first, segiegation of 
the iron and cobalt occiuTed (in agreement with Hunt et al 1993).
Hany et al (1996) observed that the effect of the iron to cobalt ratio on the ciystallinity of 
the silicide layers was only significant when the cobalt was implanted first. When the iron 
was implanted first, no effect on the ciystallinity of the silicide layers was observed before 
and after annealing. The implantation energies also had no influence on the ciystallinity of 
the silicide layers. However, when cobalt was implanted first, the crystallinity increased in 
line with the iron to cobalt ratio. It was also suggested that the ratio had an effect on the 
stiuctural evolution of the silicide layers as they were annealed, but the implantation 
energies was reported to have a significant effect on the as-implanted condition and the 
microstmctural evolution of the silicide layers after annealing. It was also observed that 
phase separation only occuned when the cobalt was implanted first and that the stmcture 
after phase separation was dependent on the iron to cobalt ratio, the implantation energies 
and whether any intermediate anneals had been conducted on the samples before the iron
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was implanted. Hany et al (1995, 1996) had great difficulty attempting to reproduce the 
results of Panknin et al (1993, 1994).
Wieser et al (1997) studied the effect of ion beam assisted deposition on the fonnation of 
P-(Fe,Co)Si2 . Cobalt implantation into p-FeSiz at room temperature and at 250°C 
produced a highly defective layer of CoSi and FeSi, with partial amoiphisation in the room 
temperature sample, which increases the probability of cobalt inclusion into P-(Fe,Co)Siz. 
Annealing at 800°C resulted in neither iron or cobalt monosilicide observed in both the 
room temperature and 250°C implanted samples, which means that the cobalt must exist as 
CoSiz or be included into p-(Fe,Co)Siz. It was found that the teniaiy silicide dominates for 
room temperature implantation. The ciystallization of the highly defective and partly 
amoiphous room temperature sample favoured the transformation of the monosilicides into 
the p~(Fe,Co)Siz with the ciystallization process being dominated by the growth of p~ 
FeSiz precipitates and with the largest precipitates located at the centi e of the implantation 
zone. The tiansfonnation of the CoSi precipitates dominated for the samples implanted at 
250°C. Samples implanted at 400°C gave rise to the fonnation of P-(Fe,Co)Siz during 
implantation, which consumed the large majority of the implanted cobalt atoms.
Gumarov et al (1997b) implanted cobalt and iron (Fe:Co 1:3) simultaneously in ( ll l)S i at 
low cunent densities (<10 pA / cm^) and at T < 100°C. A modified transport of ions in 
matter (TRIM) program was used to determine the iron and cobalt profiles during 
implantation. The cobalt profiles agieed with the theoretical profile. However, the iron 
profile was anomalous exhibiting two maxima of different intensities. Tlie first peak was 
in direct proximity to the suiface and the second peak was located at the boundaiy of the 
cobalt distribution in the bulk of the sample. After annealing for 32 horns at 750°C, the 
iron and cobalt atoms migrated to the suiface. Election diffraction revealed the formation 
of CoSiz and Fc3 0 4 , while XRD revealed that CoSiz and P-FeSiz were the principal phases 
formed after annealing. Since the 3d metals have low solubility in silicon, the formation of 
secondary phases (silicides) begins after small doses. Furthermore, since the flux density 
of the cobalt was three times greater than that of iron, the cobalt-containing phases (CoSiz) 
were dominant in the implanted region. The effective time for the formation of iron 
silicides was increased because of the iron’s high diffiision rate in silicon. The bulk of the 
iron atoms went to the sinks, the surface and the near surface layer, as well as the line
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defects in the bulk of the sample. These line defects could be annealed out at T > 700°C. 
This would explain the migration of iron and cobalt to the CoSiz film observed in the 
annealed samples, which now acted as a sink producing additional CoSiz and fonning 
FeSiz with the remaining silicon. The authors concluded that they had fonned a continuous 
film, due to a contraction of the profiles after annealing. This was not confinned with 
TEM.
1.5 Models of Epitaxial Growth of Silicides on Silicon
Epitaxy in thin films has received considerable theoretical attention. In this section, several 
models of epitaxial giowth are explained briefly, with specific attention being paid to those 
concerning growth on silicon. Theories can be classified in two groups:
• Lattice misfit theories, based on the geometi ical fitting between the lattices of the 
substiate and the overgrowth.
• Nucléation and growth theories, where the epitaxy is mainly dependent on the 
formation of the orientated nuclei, and the factors controlling tlie orientation of 
these nuclei.
1.5.1 Lattice Mismatch Theories
1.5.1.1 Classical Works
Chen and Tu (1990) reviewed the historic background for epitaxial growth, starting from 
Royer’s 3 rules for epitaxy. The most important rule states that oriented growth involves 
parallelism of two lattice planes that have networks of identical and quasi-identical fonn 
and of closely similar spacings 5 = (b-a)/a <15%. However, Royer's rules do not predict 
the orientations that are obseiwed. Menzer, as quoted in Chen and Tu (1990), proposed a 
mechanism based on the concept that an epitaxial layer corresponding to a good fit that 
occurs dining the initial stages of growth and subsequent growth gives rise to different 
orientation by twinning. Finch and Quanel (1933) introduced the concept of the stiained
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lattice. They concluded that the initial giowth layer would be strained to match the 
substrate, a forced mismatch. The lattice periodicity normal to the suiface then 
compensates to maintain the approximate normal bulk density. The process is known as 
‘pseudomoiphism’. Furthennore, alloying has a dismptive effect on the lattice strain by 
increasing the thickness of material on either side of the interface; effectively reducing the 
misfit stiain at the interface which varies with alloy composition.
1.5.1,2 Frank and van der Merwe theory
Frank and van der Merwe (1949) proposed a theoiy for epitaxy based upon the initial 
fonnation of overgrowth monolayers homogeneously defoiined to fit the substrate. The 
model attempts to predict the condition required for an embryo to be fonned. Once 
orientated monolayers have formed, a macroscopically thick oriented film can be grown by 
repetition of the process, which would be pseudomoiphic initially but at some stage 
undergo a transition to an orientated stiain-free bulk deposit.
This theoiy led to the ideas of limiting misfit stiain put fbnvard by Royer, as quoted in 
Chen and Tu (1990). However, one of the main reasons why this theoiy couldn’t explain 
the widespread occunence of epitaxy is that it used the assumption that epitaxial growth 
always occurs in the fonn of monolayers, when in fact many deposits do not grow as 
monolayers. lesser and Mathews (1967) demonstrated how for a material with low natural 
misfit stiain no misfit dislocation could be detected for low deposit thicknesses (a few tenth 
of a nm) and, as the deposit thickness increased, misfit dislocation would be generated. 
This was observed in both continuous and island monolayers growth modes. Thus, for the 
first time, conclusive evidence of pseudomoiphism and the conditions required for its 
occunence had been obseiwed.
1.5.1.3 Ziir and McGill criterion
When the epitaxial layer has a different orientation than the substrate or a totally different 
ciystal stnictiue, Zur and McGill (1984) have suggested that the old criterion of comparing 
lattice parameters is no longer valid. Therefore, instead of comparing bulk materials on
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both sides of the interface they defined two lattices to match, by comparing the interface 
tianslational symmetiy with the bulk materials on both sides of the interface within a fixed 
set of conditions. The symmetry of the interface allows local structures to repeat 
themselves periodically over large distances. The lattice mismatch can be characterised by 
two parameters, the precision of the match and the minimal unit-cell area. The requirement 
of the minimum unit-cell area originates fiom the fact that if matches within a very large 
superlattice cell were allowed the odds of finding a more precise match would also 
increase. Furthermore, on the basis of interface symmetiy, the larger the size of the 
interface unit cell, the less likely it is that chemical forces will reinforce the lattice match 
condition. The chemistiy of the interface would always play a critical role in 
hétéroépitaxial growth. Tlie interfacial energy consists of two contributions, the elastic 
energy due to mismatch of bonds across the interface and the geometi ical energy due to the 
dislocation structure. The higher the interfacial energy, the less likely would be epitaxial 
growth of the overlayer on the substi ate.
1.5.1.4 Marlcov & Milchev theoiy
Markov and Milehev (1984) studied the influence of anhannonicity in the interatomic 
forces on the epitaxial growth by replacing the elastic (hannonic) forces acting between the 
atoms of the chain with Toda and Morse forces. The results showed that the anhannonicity 
influenced the giowth significantly, moving chains of overgrowth with negative misfit 
mpture more easily than those with positive misfit and the epitaxial growth is in favour of 
negative misfit. They concluded that the critical thickness for pseudomoiphic growth of 
monolayers should be gieater for negative misfits than for positive misfits. Experimental 
evidence was quoted in support of these conclusions.
1.5.2 Theories based on nucléation and growth
1.5.2,1 Historical Review
Until the 1960s, theories of epitaxial growth were based mainly on the concept of a small 
misfit. This kind of approach was not developed any fiu ther after the limited applieations
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of theories based on this concept had been realised. From the mid 1950s, the emphasis had 
shifted to the nucléation aspects of film growth, which naturally led to theoretical attention 
being given to the detennination of the orientation of veiy small nuclei.
To imderstand the process of epitaxy, the initial theoretical approaches were mainly 
concerned with the nucléation stage. During the 1950s, it was realised that the key to 
understanding epitaxy was in the giowth mode and the structure of the veiy initial stages of 
an orientated layer. There were many experiments canied out that demonstrated the 
fonnation of three-dimensional nuclei fiom the earliest obseiwable stages of giowth. Tlie 
reason why the Frank and van der Meiwe model for epitaxy did not have a general 
application had therefore been provided.
In all systems that were studied the nucléation had appeared to be homogeneous, with the 
early TEM evidence leading to considerable activity on nucléation. Tlie work was 
concerned with predicting the rate of nuclei formation, size and distribution, all of which 
are not necessarily important to epitaxy, since for these predictions there is no need to 
consider what controls the orientation of initial nuclei. Generally, a process in which all 
the nuclei grew larger until they eventually coalesced to form a continuous film followed 
the initial nucléation stage. A great deal of work attempted to understand how the 
orientation of nuclei is determined. There was insufficient consideration of the influence 
of the nucléation processes on the orientation of a completed film. The influence of post- 
nucleation processes was not clear, but characteristics such as grain size and lattice 
imperfections were clearly affected by the processes.
Dming in situ TEM studies an unexpected phenomenon was obseiwed, known as ‘liquid­
like coalescence’. The mass transfer was explained in tenns of a rapid surface diffusion 
process under the driving force of the minimisation of surface energy, which can be used to 
explain the topographical stincture of a film and any structural changes that occur during 
growth. The two most important stiaictural features during growth of a deposited film were 
changes in the island orientation that accompany liquid-like coalescence and the 
incorporation of lattice defects in the growing film. The in situ growth technique revealed 
two mechanisms in which orientation improvements can occur and that post-nucleation 
growth processes can be just as important as nucléation processes in determining the final 
orientation of a deposited film. For orientation-dependent nucléation theories, the
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assumption that only one type of nuclei orientation is fonned was used. The nucléation 
process was divided into three distinct processes, each having important consequences for 
growth and the structure of the epitaxial layers:
(1) Nucléation of deposit in the fonn of monolayer islands, which grow together and 
fonn a complete monolayer. Further giowth occurs in the same way, so the deposit 
grows layer by layer.
(2) Nucléation of discrete three-dimensional nuclei on the substrate, with the distribution 
increasing in size and number, until a saturation density of nuclei is reached. The 
nuclei then grow into each other to form a continuous film. This is commonly known 
as the ‘Vohner-Weber mode’.
(3) Nucléation and growth as described in (1) to produce a small number of monolayers 
on which subsequent deposition occurs by the formation and growth of discrete 
three-dimensional nuclei as in (2), this commonly know as the ‘ Stianski-Kiastanov 
mode’.
The reason why there are these three different processes can be explained in tenns of 
surface and interface free energies or in terms of bond strengths. Hirth et al (1964) 
considered the relationship of nucléation to epitaxy and developed a theory of capillaiy- 
based heterogeneous nucléation. The essential requirement is that a specific orientation has 
a lower energy of formation, therefore occurs more frequently and at a much higher 
nucléation rate than any other orientation. It was suggested that high substrate temperatme 
and a low supersaturation are essential for epitaxy. Rliodin and Walton (1964) considered 
the probable mechanism that favours a specific orientation. The critical nucleus that leads 
to the orientation would be adsorbed more strongly than any other. In addition, the critical 
nucleus should be energetically favourable with respect to a certain orientation, but further 
growth of the clusters requires the addition of atoms in unfavour able positions. Therefore, 
a deposit with a certain orientation can nucleate but cannot grow. The authors suggested 
that the most likely mechanism for favouring a particular orientation is by preferential 
crystallisation during coalescence.
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1.5.3 Parameters influencing the fonnation of silicide epitaxy
Several parameters influence epitaxial growth of silicides on silicon. These include lattice 
match, the surface energy of a capping layer, impurity content and interface chemistry. 
These parameters can be classified into two categories:
• Intiinsic
• Extrinsic
Intrinsic parameters are those that relate to the materials and physical characteristics such 
as lattice match, thermal expansion coefficient, substrate orientation, interface chemistiy, 
interface energy, capping layer thickness, surface energy, volume changes during reactions, 
interfacial stress, diffusion coefficients and activation energies.
1.5.3.1 Intrinsic parameters 
Lattice Mismatch
Lattice mismatches arise from the differences in the lattice constants of the epitaxial layer 
and the substrate. Zur and McGill (1985) stated that the old criterion, simply comparing 
the lattice constants, couldn’t be applied to epitaxial layers where the layer has a different 
orientation or totally different ciystal stmcture from the substiate, in which case the lattices 
must be defined to match, if the translational syimnetiy can be compatible with the 
symmetiy on both sides of the interface, within a given set of conditions. The lattice match 
is characterised by two parameters: the mismatch and the coimnon unit-cell dimension. A 
good lattice is not necessary for hétéroépitaxial giowth and particular film faces will not 
grow epitaxially on a given substiate due to the poor match. The authors plotted the unit­
cell areas against the % mismateh for transitional metal silicides, see figure 1 .1 .
Interfacial Chemistiw
Interfacial chemistiy plays an important role in hétéroépitaxial growth. The interfacial 
energy consists of two terms, the elastic energy due to the mismatch of bonds across the
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interface and the geometiical change due to the dislocation structure. The gieater the 
interfacial energy the less chance of epitaxial growth on the substrate.
1.5.3.2 Extrinsic parameters
Extiinsie parameters are influenced by the processing conditions and include substrate 
surface cleanliness, source purity, substiate heating, deposition rate, deposition ambient, 
protective layer, annealing atmosphere, ion beam mixing and annealing conditions.
Ion Energy and Ciment Densitv
The energy of the implanted ion detennines the ion range and therefore the depth of the 
buried layer. Reducing the energy decreases energy straggling and so allows the 
fabrication of thin films.
Increasing the cuiTent density will increase the nucléation rate and so produces small, 
finely dispersed precipitates. Since the size of the precipitates in the as-implanted 
condition has to be smaller than the thickness of the expected buried layer, the implantation 
temperature and ciment density must be chosen carefully.
Dose
Experimentally, is has been shown that the maximum concentration at the peak of the 
profile must exceed about half the stoichiometiic composition of the synthesized 
compound to produce a unifonn buried layer (White et al 1987). The total dose determines 
the thickness of the buried layer.
Substrate Temperatuie and Cleaning
Ion beam synthesise of silicides is successful only if the silicon wafer is heated, usually to 
temperatures between 350-450°C (Mantl 1993). This is necessaiy to promote diffusion 
and so induce phase transitions of the implanted species to fonn silicide precipitates.
Metastable and Equilibrium Structures in Semiconducting Silicides 40
Chapter 1_____________________________________________________Properties ofFe, Co & G e-based silicides
Increasing the temperature increases diffiision and therefore the size and disti ibution of the 
precipitates.
Impm ities can arise fiom contamination fiom the atmosphere deposition, substiate surface, 
implantation and annealing processes e.g.. oxygen, carbon, nitrogen, hydrogen and 
dopants. It has been shown that a clean surface and annealing without exposure to the air 
produce epitaxial layers on silicon of significantly better quality. Substrate temperature 
can be controlled to evaporate substrate surface impurities to provide a cleaner substrate 
surface.
Amorphous Silicon Canning Laver
The presence of an amoiphous silicon-capping layer slows down the diffusion of 
atmospheric gases and influences the kinetics of disilicide layer formation. However, the 
silicon capping has also been found to degrade the surface moiphology and impede the 
formation of silicide epitaxy. This is because an additional process is required for the 
polyeiystalline giains in the upper layer to realign with the underlying epitaxial disilicide 
layer and so fonn an epitaxial region.
Annealing
Furnace annealing and vacuum annealing usually produce better quality epitaxy in terms of 
the size, the amount of silicon surface coverage and the uniformity of the epitaxial regions. 
Two-step annealing can be used to promote the epitaxial growth of silicides on Si. 
However, the process is only effective when the first annealing temperature is lower than 
the fonnation temperature of the first phase to form. The impurities in the original 
interface will disperse during the first-step annealing and produce a much cleaner interface 
for the fonnation of silicide. Furthennore, atomic bonding at the interface will be changed 
and the atomic compositions of the interface will be close to that of MSiz.
Ion Beam Mixing
Epitaxial layers have a high thermal stability and are favoured to grow energetically. 
However, the kinetics are often the dominant factor in thin-film reactions, but since there
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is an energy barrier to start the epitaxial growth, ion beam mixing has been found to be 
effective in initiating epitaxial growth.
1.6 Kinetics of Silieide Formation
In thin film silicide-fomiing systems, the crucial step is how to maintain the supply of 
silicon by breaking bonds in the substrate. In the formation of metal-rich silicides of the 
near-noble metals, the bond breaking cannot rely on the phonon energy alone because the 
formation temperatures are too low. An interstitial mechanism has been proposed in which 
interstitial metal atom assists in bond breaking (Poate et al 1978). The metals that can 
diffuse intcrstitially in silicon are the metals that can react with silicon at low temperatures. 
The consequences of a metal atom jumping into an interstitial site in silicon are that there is 
an increase in the number of nearest neighbours of the sunounding host atoms and at the 
same time there is a vacancy left behind. This increase in the number of silicon 
nearestneighbours weakens its bonds due to charge transfer and can be regarded as being 
tiansfbnned from a covalent bond type to a metallic bond. In the band diagram, charge 
transfer from a saturated covalent bond means the formation of a hole in the valence band. 
Sinee a hole is not localized around a bond, the breaking of a bond of a particular silicon 
atom may require the combined effect of several interstitials near the inteiface. However, 
since the interface has a larger free energy than the silicon lattice, it is possible that under 
the driving force of reaction, the interface can take a higher concentration of interstitials. 
The presence of the interstitials then provides the release of the silicon atoms at 
temperatures around 200°C. The interstitials mechanism is dependent on the continuous 
supply of metal atoms to the silicide / silicon interface, so the reaction can continue.
1.7 Equilibrium Phase Diagrams
Tables concerning the equilibrium phases fonned in the systems can be found in appendix 
A at the back of the thesis. The tables include infoiination about composition ranges, 
Pearson symbol and space groups.
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1.7.1 Iron-Silicon binaiy phase diagram
The iron-silicon binaiy system is a veiy well studied system and is shown in figure 1.10 
(Hansen, 1958, Elliot, 1965, Shunk, 1969, Kubasehewski, 1982, Massalski, 1986, Ragnor 
and Rivlin, 1998). The intermetallic compounds aih-FesSi and an-FeaSi*, az, FesSis (ii), 
FezSi, FeSi (s), a-FeSiz and P-FeSiz have been reported.
The Partial Fc-FeSi System Iron will melt 1538°C and the compound FeSi melts at 
1410°C. The liquidus and solidus lines meet at 29.8 at% silicon and 1212°C. There is a 
eutectic reaction which occurs at approximately 1200°C to fonn aih + FezSi. There is a 
closed yFe loop up to 3.8 at% silicon, which has the effect of displacing the apparent phase 
boundaries towards higher Si content (Hansen, 1958). In approaching the composition of 
FejSi (-19.5 at% Si) ordering takes place above approximately 10 at% Si, as shown by the 
superlattice lines on the phase diagram. The ordered phase has been designated as ai with 
the order-disorder tiansfonnation having been assumed to occur homogeneously. The size 
of the az-phase field deereases very rapidly due the decreasing solubility of silicon in a- 
iron with decreasing temperatme. The crystal stinctures of the a , a i and az phases are a 
disordered A2, DO3 and B2 structures, respectively. The non-congment Fe5Si3 intermetallic 
compound, designated as q, is fonned by a peritectoid reaetion that occurs at 1060°C and 
has a hexagonal D 8 4  stmcture. Conversely, the FeSi intennetallic compound is fonned 
from a congnient tiansfonnation fiom the melt at 1410°C and has a cubic B20 stmcture.
The Partial FcSi-Si System, Silicon will melt at 1414°C. The FeSiz undergoes on 
inversion by a eutectoid (937°C)-peritectoid (982°C) combination. This produces two 
moiphologies of the intennediate FeSiz phase, designated as the high temperature a-FeSiz 
phase, is fonned congruently at 1220°C and 70.5 at% Si, and the low temperature p-FeSiz 
phase. There are two associated eutectics at 1212°C and 32 at% Si, which is iron-rich and 
at 1207°C and 73.5 at %Si that is silicon-rich.
’ aih-FeaSi is the high temperature morphology. Consequently au-FegSi is the low temperature 
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Figure 1.10: The Fe-Si phase diagram showing the a-FeSii and p-FeSii phases as Ça 
and Çp respectively. The dashed lines show an ordering process to form superlattices 
taking place during the formation of the FegSi phase, after ASM Handbook (1992).
1.7.2 Cobalt-Silicon binary phase diagram
This system is also very well understood and is shown in figure 1.11. There are foui" 
intermetallic compounds Co2 Si, CoSi, CoSi^ and Co]Si. The intermetallic compounds, 
CoîSi, CoSi and CoSiz melt at 1332, 1460 and 1326°C respectively. The fourth compoimd, 
CogSi, is formed peritectically fiom the liquid at approximately 1212°C and decomposes 
eutectoidally at approximately 1170°C into CozSi and the cobalt-rich solution in aCo.
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Figure 1.11; The Co-Si phase diagram showing the four intermetallic compounds, 
CoiSi, CoSi, CoSiz and CogSi. The dashed lines show uncertainty in the composition 
of phases, after ASM Handbook (1992).
The CozSi phase exists in two morphologies, the polymoiph that solidifies at 1332°C is 
known as p-CozSi and melts congruently. The a-CoiSi polymoiph is fonned from the 
liquid and reacts with the more silicon-rich p-CozSi at 1320°C. The p-CozSi phase then 
eutectoidally decomposes into CoSi and the more cobalt-rich composition of a-CozSi. 
There are foiu- eutectic reactions that exist between the aCo and CosSi at 1195°C, P-CogSi 
and CoSi at 1286°C, CoSi and CoSiz at 1310°C and CoSiz and silicon at 1259°C.
1.7.3 Cobalt-Iron binaiy phase diagiam
This system, shown in figure figure 1.12, displays extensive solid solubility between the 
fee y(Fe), a(Co) and the wide a-Fe solid solution region, which transforms via a second 
order reaction into the ordered CsCl type phase FeCo (not shown in figure 1.12). The 
liquidus and solidus decrease, via a peritectic reaction, smoothly to a shallow minimum at 
1476°C and at approximately 33 at% Fe to the melting point of Co at 1495°C.
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Figure 1.12: The Co-Fe phase diagram showing the major solubility phase fields, 
after ASM Handbook (1992).
The allotropie transformation y / e occurs over a temperature range at approximately 400° C 
(not shown on the phase diagram in figure 1.12), due to the small differences in Gibbs free 
energy and the relatively low temperature. Tire a  / y / 5 fransfoiinations were also 
reviewed by Kubasehewski (1982) who reported that the addition of cobalt to iron did not 
affect the a  / y tiansfonnation temperature between 0-8 at% Co. The temperature then 
slowly increases to a maximum of 985°C and approximately 55 at% Co. Further additions 
of Co decrease the tiansfonnation temperatme rapidly and increase the (a  + y) two phase 
field. The disordered fee y-Fe phase transforms to a disordered bee a-Fe phase via a first 
order reaction, while a-F e  tmnsfonns into an ordered CsCl type phase FeCo (a ’) at 
temperature of 730°C and 50 at% Co, via a second order reaction.
1.7.4 Cobalt-Iron-Silicon temaiy phase diagram
This is not a well-understood alloy system. A detailed review by Raynor and Rivlin 
(1998) has looked at several aspects of this teraaiy system. Liquid-solid equilibria was 
described up to approximately 35 wt% Si. Previous studies had described the eutectic
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relationship between FeSi and the ordered hoc Fe-rich solid solution, while the phase 
‘FesSi-z’ fonus in the solid state from the Fe-rich solid solution and the FeSi phase at 
1030°C and persists to low temperatures. In addition, the complex relationships involved 
in the Fe-rich alloys and the aôFe, P2 and Pi were unknown at the time of this review and 
so the authors assumed an uncomplicated solid solution of silicon in iron, which extended 
to approximately 18 % Si.
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Figure 1.13; Projection of the primary surfaces Co-Fe-Si, after Raynor and Rivlin 
(1998).
The Co-Fe-Si primary surface, within the compositional limits of the study by Raynor and 
Rivlin (1998) consists of seven smfaces separated by uni variant reaction lines. Complete 
solid solubility is fonned between the FeSi and the CoSi phases, this divides the system 
into two sections, one Fe-rich side of (Co,Fe)Si solid solution and the other side being 
richer in cobalt and iron. The univariant line originated horn the L + ôFe <-> yFe reaction 
(pi) in the Co-Fe system meeting the univariant line along which L (Co,Fe)Si + bcc Fe- 
rich solid solution, which produces the teraaiy reaction L + bcc solution <-> (Co,Fe)Si + y 
at U2 (1185°C). If this is accepted the hypothetical reaction L + Fc2 Si bcc solution + 
(Co,Fe)Si must be assumed to occur at U3. There are three fuither reactions that have been 
proposed. The form of the Co-Fe phase diagram requires the presence of ternary 
associated with (Co,Fe)Si, to both a- and p-CoiSi and to CogSi. Therefore, at Ui 
(approximately 1170°C) the following reaction takes place L + CogSi o  a-CoiSi + y. At 
point El (1165°C) on figure 1.13 the teraaiy eutectic is proposed L a-Co2 Si + y + p~ 
Co2 Si and at E2 (1170°C) another ternaiy eutectic is proposed L <-> p-Co2Si + (Co,Fe)Si + 
y. Consequently, a temperature maximum was located somewhere along the E 1-E 2 that
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exceeds 1200'^C. However, figure 1.13 can only be accepted as an accurate representation 
of this ternary system for silicon contents less than that which conesponds to the (Co,Fe)Si 
solid solution. Raynor and Rivlin (1998) were also able to provide a projection showing 
the compositions of the solid phases, which separate fi'om the melt on cooling, as shown in 
figure 1.14.
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Figure 1.14: Projection of the phases that are formed from the melt on cooling, after 
Raynor & Rivlin (1998).
The solubility of iron in CoiSi (both a  and P morphologies) extends to 8  wt% Feat 800°C. 
The solubility of iron in the two moiphologies above 800°C is unknown. Figure 1.14 is 
intended to give a general idea of the solidification route, but needs to be modified first. 
The modifications are related to the compositions of the (Co,Fe)Si phase which comes into 
equilibrium with FeiSi, the bee solid solution, y-phase and P-CoiSi and to the solubility of 
Fe in the two fonns of CoaSi. The line ae represents the bcc solution separating, on cooling 
fl'om the liquid, in equilibrium with FeaSi while the line eK represents the bcc solution 
compositions separating together with (Co,Fe)Si as the temperature falls. The lines bK and 
cJ describe the compositions of the bcc solution and y, which separate together on cooling. 
K and J are the phase compositions which come into equilibrium with the (Co,Fe)Si at Ua. 
The line JL refers to the y compositions, which separate together with (Co,Fe)Si.
The liquidas projection is shown in figure 1.15, which is an isothermal section taken at 
1160°C. The reported lowering of the p-CoaSi a-CoaSi + CoSi reaction by Fe requires 
the existence of three-phase ti iangles involving the a -  and p-CoaSi with (Co,Fe)Si and y, 
respectively, which are shown by the dashed lines.
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Figure 1.15: Co-Fe-Si liquidus projection at 1160°C, after Raynor & Rivlin (1998).
The main feature of the liquidus projection is the veiy extensive fee y-phase, separated 
from the bcc solid solution phase field by a relatively nanow curved two-phase region 
which intersects the Fe-Si axis at low silicon concentrations. There is also a solid solution 
between FeSi and CoSi and the diagram contains the three-phase triangles FeSii + CozSi + 
(Co,Fe)Si and FeSii + CozSi + Si at Si-rich liquidus projection. At the Si-poor side of the 
(Co,Fe)Si solid solution the major equilibria are shown by the tiiangles bcc solution + y + 
(Co,Fe)Si and y + a-Co%Si + (Co,Fe)Si. From previous researchers the reaction y + 
(Co,Fe)Si <-> a-CozSi + (Co,Fe)Si was predicted to occur between 800 and 1160°C.
Wlien the liquidus projection is plotted for 800°C (not shown) the two-phase bcc + y 
region lies between the bcc solution + a-CozSi + y triangle and the Co-Fe axis. The 
position of this phase field, therefore, changes veiy rapidly as the temperature decreases 
fi’om near the melting point to 800°C. Previous workers have reported on the mutual 
solubilities in section FeSiz-CoSis, and stated that as Co is substituted for Fe in the FeSia 
phase, the interplanar spacing remains unchanged. However, later workers determined the 
solubility of cobalt in FeSi2 to be <5.3 wt% Co and that of iron in CoS% to be <4.9 wt% Fe.
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Figure 1.16: Co-Fe-Si isothermal section at 550°C, after Ragliavan (1994).
Raghavan (1994) investigated the order-disorder reactions in the bcc (a) region of the Co- 
Fe-Si system. An isothermal section at 550°C in the bcc region describing the equilibria 
among the disordered bcc (a), the B2 type ordered phase (a 2) and the DO3 type phase (ai) 
is shown in figure 1.16.
1.7.5 Germanium-Silicon binaiy phase diagram
This binary system exhibits complete elemental mutual miscibility, which was first 
demonstiated by Stohr and Klemm in 1939 (figure 1.17). They deteiinined that the stable 
phases are the liquid and a cubic diamond-type substitutional solid solution (Olesinski and 
Abbaschian 1984).
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Figure 1.17; The Ge-Si binary phase diagram, after Schultz & Romanenko (1995).
From the phase diagram (figure 1.17), it can be seen that there is a large separation 
between the liquidus and the solidus lines. This gives rise to critical solidification 
velocities on the order of mm/h, and consequently long processing times. In addition the 
high chemical reactivity of molten silicon makes this system technologically difficult to 
process, Schultz & Romanenko (1995).
1.7.6 Iron-Germanium binaiy phase diagram
The iron-germanium system has been widely investigated and is veiy complex. There is a 
Y loop and six intermetallic compounds, FeaGe, p, r\, % (Fe^Ges), FeGe and FeGc2 . 
Research has determined that the a  phase is seen at Ge concentrations of approximately 10 
at% Ge, in the form of a superstiiicture of bcc ordered distribution of atoms. In figure 1.18 
this phase is designated as a; and originates fiom a second order reaction shown by the 
dashed line that intersects the solidus at approximately 1260°C and crosses the composition 
axis at 10 at% Ge.
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Figure 1.18: The Fe Ge binary phase diagram, after ASM Handbook (1992).
The solubility of Ge in a i decreases with decreasing temperature fiom 1130°C to 900°C, 
but then increases slightly below 900°C. Tlie FesGe phase is formed by continuous 
precipitation fiom ai, and is dimorphic. The high temperature polymorph (700-1 IOO°C) e 
has an hexagonal DOig structure, while the low temperature polymorph, e’, forms at 
<700°C and has a L h  (CusAu) type stmcture. The e phase has a homogeneity range of 24- 
27 at% Ge and the e’ phase decomposes at 400°C into a i and p. The congiuent p phase 
melts at 1170°C at a composition of 37.5 at% Ge and has a 08 (NiAs) structure. The t] 
phase has been characterised as having a B 8 2  structure with a homogeneity range of 42-
43.5 at% Ge and a eutectoidal decomposition of 520°C. The % phase is the product of 
peritectoidal reaction between r\ and FeGe. Researchere have reported that the FeGe 
compound was foiined from a peritectoidal reaction at 748°C and ciystallises with a 
hexagonal B35 type structiue. The last compound that fonns in this system is the FeGei 
and is a Ge-rich compound formed at the stoichiometiic composition by the peritectic 
reaction of r\ and liquid at 838°C.
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Chapter 2: Production & Processing of 
Semiconducting Silicides
In the previous chapter, the effect of various fabrication techniques on the stnictural, 
electiical and optical properties on iron and cobalt silicides was discussed. In this chapter 
the fabrication techniques of interest to this research are discussed.
2.1. Ion Implantation
Ion implantation involves the bombardment of a solid material with medium to high- 
energy ionised atoms. This technique allows the formation of alloys containing nearly any 
elemental species in the near surface region of any substiate, and can be peifonned at low 
temperature. This localised alloying can lead to the synthesis of equilibrium and 
metastable structures. The process usually modifies only the region within the outeimost 
micrometer of the substrate, and often only within a few hundred angstroms of the surface.
In fonning the characteristic shallow surface modified region, during ion implantation the 
atoms do not travel in stiaight path to their final resting places due to atomic interactions. 
These interactions result fiom the energy of the ions impacting on target atoms within the 
substiate, which displace them with sufficient energy to displace other atoms, and so create 
what is known as a collision cascade. During the process, the ions come to rest in less than 
10“*^  sec. This rapid stopping time produces an ulti a fast quenching rate in the wake of the 
stopping ion. This allows the formation of many novel alloys or compounds that could not 
be produced using conventional (equilibrium) techniques at room temperature. These 
include substitutional solid solutions of nonnally immiscible or low solubility elements. 
These highly metastable or amoiphous alloys possess unique physical and chemical 
properties. Ion implantation has been extensively used in the semiconductor industiy since
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1970, because of the ability of the technique to allow the introduction of dopant atoms into 
silicon atoms, which allows precise control of electiical properties. Ion implantation has 
led to the development of a diverse family of ion beam processes, some of which will be 
explained below (Hh-vonen and Sartwell, 1994).
2.1.1. Mechanism of the Ion Implantation Process
When a single ion interacts with a material it goes through a series of collisions, which 
deplete its energy, before coming to a rest and forms a shallow siuface-modified as shown 
in figure 2.1. The ion does not tiavel in a straight line to its resting place, because of the 
many collisions, but displaces targets atoms fiom their lattice sites with sufficient energy to 
displace further atoms.
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Figure 2.1: (a) Schematic o f the ion im plantation process, (b) Interaction between the 
substrate and a single im planted ion, producing collision cascades, after Hirvonen  
and Sartwell (1994).
The actual distance travelled by an ion is refened to as the range, R. The overall 
penetration of the ion in the material, measured as projected onto the original tmjectoiy, is 
refeiTed to as the projected range. Since ion implantation is a random process, it produces 
a Gaussian-shaped impmity depth profile, whose centroid is known as the average 
projected range, Rp. The statistical nature of the scattering process gives rise to a 
distribution of ions aroimd the projected range depth. The standard deviation in the 
projected range is called the range stiaggling, ARp. The range and the disti'ibution of the
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implanted ions are directly dependent on the ion energy. High energies produce a greater 
spread in the ion disti'ibution (large ARp) for a given dose, which is the number of 
implanted ions per unit area of the surface of the material (areal density), expressed in 
ions/cm^. The areal dose (also refeiTed to as fluence) is used to describe the actual volume 
concentiation associated with an implantation and is a function of ion species, ion energy 
and substrate material. To detennine implanted atomic concentiations the areal density of 
the implanted atoms must be related to their spatial extent. At low energies the implant 
profile can be approximated to the Gaussian disti'ibution centred about the projected range, 
with the width of the disti'ibution profile being an expression of the standard deviation of 
the Gaussian disti'ibution ARp. An expression for the peak concentration (Np) of the 
Gaussian disti'ibution in terms of applied dose (N a ) and range stiaggling is given below 
(Hirvonen and Sartwell, 1994):
N,(atoms/om^) = M ^ ‘°” ^ 2 S.7  
•v2îiAR.p(cm) (Eq 2.1)
As the ion penetrates the substrate it will displace hundreds to thousands lattice atoms. 
However, annealing the material after implantation can repair most of the damage.
2.2. Ion Beam Assisted Deposition of p-FeSii
The ion beam assisted deposition process (IBAD) is a process where evaporated atoms, 
produced by physical vapour deposition (PVD), are simultaneously sti'uck by an 
independently generated flux of atoms. The extra energy given to the displaced atoms 
causes atomic displacements at the surface and in the bulk and produces enhanced atomic 
migration along the surface. It is these atomic motions that produce improvements in film 
properties such as improved adhesion and cohesion of the film, modified residual stress 
and higher density, when compared to films produced by PVD without ion bombardment. 
Heat treatment is then used to repair the implantation-induced damage and assist in the 
fonnation of a buried epitaxial layer. Annealing is usually used, with the time and 
temperature influencing the material properties. IB AD is different from others such as 
solid phase epitaxy (SPB) where Fe is deposited at room temperature followed by
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subsequent heat treatment which fonns a FeSiz layer in the silicon substrate; and molecular 
beam epitaxy (MBE) where iron and silicon are co-deposited in stoichiometric proportions 
on a heated Si substiate.
2.2.1. The IB AD Process
The featuie that distinguishes IB AD from other PVD processes is that the source of vapour 
and the source of energetic ions are two separate hardware items. Therefore, this technique 
provides more control over the deposition parameters since the ion flux and the évaporant 
flux can be varied independently. The IBAD process operates at lower pressures (0.13 to 
13 Pa or 10'  ^to 10-1 ton), than other plasma-based techniques, since higher pressures are 
required to sustain a plasma. The process operates in a collision-free pressure regime 
since, the évaporant and beam atoms travel in stiaight-line paths to the substiate. This 
obliviously limits IBAD to line-of-sight applications. IBAD films that are used for optical 
and microelectronic applications are produced using lower energies in order to minimise 
beam damage resulting in optical absorption and the formation of electrically active defects 
(Hubler and Hiiwonen, 1994),
A schematic diagram of the ion beam deposition process is shown in figure 3.1. A broad 
beam fiom an ion source interacts with the substrate simultaneously with the deposited 
atoms. At low energies (50 to 1000 eV) the inelastic collisions with the smface atoms 
transfer the energy into the surface that is given by the expression:
E (per film atom) = R (Ey) (Eq 2.2)
where R is the ratio of beam atoms to évaporant atoms at the surface and Eb is the energy 
per atom in the ion beam.
2,3. Ion Beam Synthesis of g-FeSiz
In chapter 1 we saw that the critical parameter for crystalline silicide phase formation is the 
matching of the silicide and the silicon lattice parameters. Silicide layer fonnation occurs
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by a metal-silicon reaction and grows according to well defined, diffusion controlled 
kinetics. The driving force for ion-beam based materials synthesis has been mainly 
attributed to the potential of silicon in microelectronics applications for high-speed 
circuits, three-dimensional structures and radiation-hard devices. Materials based on ion 
implantation and subsequent thermal annealing are very simple to produce. However, 
these two processes involve a complex relationship between the implantation and annealing 
conditions and the physical and electiical properties of the synthesised material in its final 
state.
The synthesis of thin films (of the order of 0.1 pm) requires implantation doses of 
approximately lO'^-lO** cm'^. The resulting layer film will incorporate a large build-up of 
radiation damage and the crystallinity of the layer will be lost, if the ion implantation is not 
earned out at elevated temperatiues. This will lead to the fonnation of precipitates made 
up of intermetallic compounds and to the creation of precipitate-associated defects. The 
processes of nucléation, growth and coalescence of intermetallic precipitates as well as the 
competition between creation and dynamic annealing of implantation and precipitation- 
induced defects are all highly temperature dependent processes. The resulting morphology 
of the implanted layer, before any annealing process is performed, is dependent on 
implantation conditions such as substrate temperature and dose rate. The subsequent 
annealing of the layer causes the system to re-establish its thennodynamic equilibrium. 
The process involves the tiansfonnation of the implanted material containing the 
precipitation-induced defects into a more refined stiucture containing a discrete buried 
compound layer with abrupt interfaces. Therefore, it is essential to understand the 
relationship between the proeess parameters and the quality of the synthesised material 
(Golanski, 1993).
2.4. Future Trends in Ion beam Processing
The ion beam-processing sector has been growing for some time rapidly and is expected to 
continue to grow. Consequently, the understanding of ion beam processes will continue to 
glow, with the creation and refinement of ion beam-related scientific disciplines. A wide 
range of new areas is being exploited with broad beam ion source technology as well as 
conti'olled densification and reactive deposition, layered structures, 3-dimensional
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sti'uctiires, tailored materials, metastable materials, selective deposition and other areas are 
developing rapidly.
The size of the ion source is increasing, including the cunent capability, reliability and 
control. New types of sources are being introduced, which use direct deposition of 
elemental and compound types, allowing a new, increased degiee of control over the 
properties of films. There is also a clear tiend towards using many different low 
temperature deposition and film modification techniques, to create a new singular process. 
The combination of these techniques coupled with the emerging low energy high flux ion 
beam sources will lead to the next generation of process technologies and material 
deposition techniques.
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Chapter 3: Experimental Details
3.1 Introduction
The two production methods used in this research are ion beam assisted deposition (IBAD) 
and ion beam synthesis (IBS) with subsequent thermal annealing. Depositing iron and 
silicon onto silicon substrates produced all the IBAD samples studied in this research. 
These samples were produced at the Manchester Metiopolitan University. The ion beam 
synthesised samples were produced ‘in-house’ in the Department of Electiical Engineering 
of the University of Suney. The iron-silicon binary and cobalt-iron-silicon ternary alloys 
were made in the Materials Science and Engineering Department. The iron-silicon alloys 
were manufactured by a previous researcher and the cobalt-iron-silicon alloys were 
manufactured by the author for phase equilibria studies.
This chapter outlines the experimental details of the methods used to produce the samples, 
and the methods employed by the author to investigate the stiuctural characteristics of the 
samples.
3.2 Production Methods
3.2.1 Ion Beam Assisted Deposition Samples
In this set-up, shown in figure 3.1, a broad 75 mm diameter 1 keV argon ion beam (A) was 
used to sputter a target comprising both iron and silicon. The target consisted of adjacent 
plates of the two materials which could be moved parallel to the substrate to change the
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proportion that was stmck by the sputtering ion beam, altering the deposited composition. 
The target was set at 45° to the sputtering beam with the substrate facing and parallel to it.
M =  Ciystal Monitor 
=  Faraday Cup
Ar beam 
(Sputtering)
Ar beam
(Assistance) Substrate
holder
backfill
inlet
Vacuum pump 
inlet Fe & Si Target
Figure 3.1; Schematic o f the Ion Beam  Assisted Deposition equipm ent-showing one 
Ar beam  used to sputter m aterial onto substrate, whilst another Ar beam  is directed 
at substrate.
A second 75 mm diameter argon ion beam (B) could also be used to bombard the substrate 
during film growth with argon ions at seleeted energy between 100 and 600 eV. In fact, 
even when the second ion beam was not in use, IBAD conditions were established (with 
the sputtering beam only) as some of the sputtering ions are reflected from the surface and 
bombard the substiate. This is due to the positively charge argon ions being attracted to the 
negatively biased substiate.
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3.2.1.1 Experimental Procedure fo r the Low Temperature Co-deposited Samples with 
Stoichiometric Fe /  Si Ratios
Silicon wafer substrates were initially etched in hydrofluoric acid (HF) to remove any 
oxide present. The silicon substrates were then degreased in acetone, methanol and ethanol 
and rinsed in deionised water before introduction into the deposition chamber. A base 
pressme of just below 10'  ^ mbar could be obtained in the chamber, however during 
operation of the ion sources this pressure rose, due to the inlet of argon gas, to about 2'^ 
mbar. Before the deposition process, the target (Fe plate with several stiips of p-type 
silicon on top) was sputter cleaned with 1500 eV Ar ions for 15 minutes. The substiate 
was also sputter cleaned for 15 minutes with 300 eV Ar ions. The sputter beam energy was 
1500 eV, the total beam cunent on the target was 40 mA, and the deposition was canied 
out for 2 hours. The ion to atom arrival ratio at the substrate surface was, Ur / Ape = 0.15. 
All ion assist was carried out using 250 eV and 12 mA / cm  ^and canied out for 1.5 hours. 
After deposition, some of the Fe / Si films were coated with a silicon capping layer to 
prevent oxidation during annealing. The system also allows the substrate temperature to be 
varied from liquid nitrogen to 600°C. A crystal oscillator, mounted near to the substiate, 
can also monitor the deposition rate. The substiate temperature was measured using a 
thennocouple attached to the silicon substrate.
3.2.1.2 Experimental Procedure fo r the Varying Deposition Temperatures Samples
The silicon substrates were cleaned using HF acid and no ion sputter cleaning was done. 
The beam energy was 1250 eV, the total ciment on the target 34 mA and the deposition 
time was for 3 hours. No capping layer was deposited and no annealing was canied out on 
these samples. The substrate temperature was measured up to 600°C using a thermocouple 
finnly attached to the silicon substiate, above 600°C an optical pyrometer was used.
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3.2.2 Ion Beam Synthesised Samples
3.2.2.1 Iron Implanted Silicon
A  Danfysik 1090 ion implanter was used to implant Si(lOO) n-type single crystal wafers 
using 180 KeV Fe^ and doses of 1.5 x 10*^  and 2 x lO'^ Fe cm'^. A sample, which is 
designated 140N2 Sur, used a beam current of 2 mA and was implanted with 2 x 10*^  Fe 
em ". Another sample, which is designated 140N2 Ppt, used a beam current of 5 inA and 
was implanted with 1.5 x 10*^  Fe cm'^. The wafers were attached to a liquid nitrogen 
cooled chuck stage and heated during implantation, using the power of the incident beam. 
The temperature at the centre was measured during implantation using an optical 
pyrometer. The temperature at the centie of the wafers was determined using a 
thennocouple attached to the back of the sample, and was approximately 250°C and 500°C 
for samples 140N2 Sur and 140N2 Ppt, respectively. After implantation, part of each 
wafer was cut into smaller pieces and subjected to the standard annealing process. TEM 
samples could then be prepared for structural characterisation pmposes,
3.2.2.2 Iron Implanted Silicon-German him
The samples were produced by MBE, by first overlaying a p-type SiGe layer on an n-type 
silicon wafer. The growth conditions were such that the SiGe layer grew epitaxially on the 
underlying silicon substrate (the mismatch between the Si / SiGe lattices results in strain 
within the SiGe layer). The concentration of Ge in the overlaid layer was 5.7% and 10.7%. 
The wafer was then implanted with 180 keV Fe^ ions with a dose of 1.14x10*^ Fe cm' .^ 
Due to the fact that the lattice parameter of the SiGe layer is larger than that of silicon, 
another silicon layer was grown on top of the SiGe layer by MBE to aid the stability of the 
SiGe layer (see figure 3.2). The wafer was then cut in half and one half was annealed for 
18 hours at 900°C. TEM samples were then prepared and examined accordingly.
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~10 nm Si buffer (5x10 cm' boron)
-400 nm SiGe (5x10^® cm'^ boron) 
Ge content 10.7%
n-type Si(lOO) Sb-doped 
(5x10* ®cm'^ ) substrate
Figure 3.2: Schematic diagram  sh ovin g  the sample used.
3.2.2.3 Cobalt Implanted fI-FeSi2
Samples were prepared in which Co was implanted directly in P-FeSi2 layers. Cobalt has 
been determined to lower the p-FeSi2 to a-FeSi2 phase tr ansition temperature of the iron 
disilicide, Wieser et al (1993). A Danfysik 1090 ion implanter was used initially to 
implant three sets of Si(lOO) n-type single crystal wafers with a dose of 1.5 x 10*^  Fe cm'^ 
at a beam energy of 180 keV and beam currents of 5 and 6.5 mA. The samples were then 
annealed at 900°C for 18 hours. Tire samples were then implanted with cobalt in three 
doses 2%, 5% and 10%, which are designated 140N2#8, 140N2#7 and 140N2#4 
respectively. The percentages are percentages of the original Fe dose. The samples were 
then annealed again at 850°C for 18 hours. Using an optical pyrometer, the temperature 
during implantation was determined to be 470°C, 480°C and 238°C in the three samples 
respectively.
After implantation each wafer was cut into smaller pieces and prepared for TEM 
examination for stmctural characterisation purposes, in the as-implanted condition and 
annealed condition (850°C for 18 hours).
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3.2.3 Alloy Production
Two alloy systems were studied in this thesis, the binaiy iron-silicon and the teraaiy 
cobalt-iron-silicon systems. Alloys of the latter system were made in the Department of 
Materials Science and Engineering of the University of Suixey by the author. Another 
researcher manufactured alloys of the iron-silicon system. Alloys were manufactured as 
outlined below.
The binaiy iron-silicon alloys were manufactuied for the purpose of observing the 
equilibrium phases in them and to compare them with the phases that form in IBAD 
(chapter 4) and IBS (chapter 5) samples. Ten cobalt-iron-silicon teraaiy alloys were 
manufactured to clarify the phase equilibria of the system, since there is limited data in the 
literature. The alloys were produced using a plasma arc furnace, using clean melting 
conditions. Samples were prepared for SEM examination in the as-cast condition as well 
as after annealing at 850°C, for 24 hours, 900°C for 24 hours and 1000°C for 10 hours. 
The objective of this part of the research is to propose a teraary isothermal section of the 
Co-Fe-Si phase diagram.
Alloy
No.
Nominal 
Cobalt (at%)
Nominal 
Iron (at%)
Nominal 
Silicon (at%)
1 10 10 80
2 10 55 35
3 10 65 19
4 18 15 67
5 20 47 33
6 30 32 38
7 45 21 34
8 52 8 40
9 53 13 34
10 67 8 25
Table 3.1: Nom inal com positions o f the C o-F e-S i alloys.
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Figure 3.3: Alloys studied in this thesis, superim posed on the 800°C isotherm al section 
of the C o -F e-S i ternary alloy system, after Raynor and Rivlin (1998).
Figure 3.3 shows the alloy composition in relation to the phase diagram. The alloys were 
chosen to clarify the phase fields obseiwed by Raynor and Rivlin (1998).
3.3 Experimental Procedures
3.3.1 Sample Preparation
3.3.1.1 Samples for Transmission Electron Microscopy
The TEM samples used in this work were cross-sectional. Strips of iron disilicide were cut 
and glued together so that the implanted faces of the strips were in contact. The glue used 
is specialist vacuum glue, produced by Gatan that can be used in a vacuum while
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producing no contamination. Next, the iron disilicide stiips were glued between two 
additional pairs of blank silicon stiips to give support to the silicide sample and allow a 
copper grid to be attached later in the preparation process. The glue was cured at 
approximately 60°C for 2 hours to allow it to harden properly.
The next stage in the process was to mechanically grind flat one side of the sample and 
attach a copper grid over the interface of interest, which provided support to the sample 
after it was ground thin. The samples were then placed in an oven at 60°C for 2 hours to 
allow the glue to cure. The samples were then mechanically ground to a thickness of 
approximately 100 pm, using SiC grinding papers up to 2400# (6p).
The samples were then ready to be ion beam thinned, to produce a small hole located on 
the interface. A Gatan PIPS (Precision Ion Polishing System) ion beam mill was used at a 
voltage of 5 kV with gun cunents of approximately 30 mA while both guns aimed at the 
interface at an angle of 5° for the final stage of thinnning. The sample was rotated during 
the process to prevent a ridged surface from being produced. The process was halted when 
the small hole was observed in the sample.
3.3.1.2 Samples for Scanning Electron Microscopy
A Stniers Accutom, with metal bonded diamond edged blade, was used to section through 
the ingots into foiu pieces, previously prepared using a Marko Materials advanced melt 
spinner. Three pieces were annealed at the following annealing regimes;
• 850°C for 24 hours,
• 900°C for 24 hours,
• 1000°C for 10 hoius.
After annealing, the cross sections were mounted in conducting bakelite, at 150°C for 5 
minutes, and polished in two stages. The first stage was to grind the mounted samples with 
metal- and resin-bonded diamond polishing disks. The next stage was to polish the 
samples to a finish of 1 pm with diamond impregnated polishing cloths. The procedure 
was canied out using a Struers Planopol automatic polishing machine. To allow accurate
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compositional chemical analysis to be performed in the microprobe, the samples were not 
etched.
Due to the brittle natuie of some of the Co-Fe-Si alloys, particularly the Fe- rich alloys, 
grinding and polishing of these alloys proved exceptionally difficult. Some of the 
microstmctures of the alloys shown in section 6.3, show scratches which the author was 
unable to remove.
3.3.2 Energy Dispersive Analysis of X-rays
Energy dispersive x-ray analysis (EDX) in the TEM was performed on the various 
microstructural features of the samples. A large spot size was selected to avoid 
contamination from other microstructural regions affecting the results. Several readings 
were taken, at the thinnest part of the layer, for each area analysed and then the readings 
were averaged. The objective lens aperture was taken out to avoid flooding the detector 
with x-rays from the bulk materials in the aperture.
3.3.3 Elemental Mapping in the TEM
Elemental mapping is a powerfiil tool, which can provide qualitative and quantitative 
information on the spatial distribution of the constituents in a sample. A consequence of 
examining thin films in the TEM is that the number of x-rays emitted is smaller than for 
that of bulk samples and it is this factor that often limits the spatial resolution of thin film 
analysis. However, by placing a detector as close to the sample as possible, the collection 
efficiency of x-rays can be maximised. This cannot be easily achieved in the TEM, 
compared to the SEM, as the sample is located within the objective lens. Due to the use of 
a standard detector, the sample was tilted over 10® to allow the x-rays to enter the detector 
during elemental mapping.
A series of maps were produced which showed the spatial disti'ibution of each of the 
different elemental constituents in a localised area of a sample.
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3.3.4 X-Ray Diffraction Studies
A sample of each material was subjected to X-ray diffraction (XRD) for phase 
identification. X-ray diffraction patterns were collected on a Philips 1050 diffractometer 
being controlled by Hiltonbrookes software. Spectra were collected from 20-65° 20 at a 
scan speed of 0.5 deg / min in steps of 0.1°. Copper radiation at 40 kv and 25 mA was 
used and the system had a monochromator fitted. The spectia were analysed using Traces 
software and a table of 0 against inter atomic spacing (d) was produced. The detectability 
by XRD could be greatly enhanced by avoiding the (400)Si peak at 20-70°.
To analyse the deposited and implanted samples, a minimum sample size of 10 mm^ was 
used. Wlien examining the bulk alloys, the source was directed onto a flat sample of the 
ingot that had been cut using a Stiiiers Accutom. The data collected during this study was 
then compared with the simulated diffraction patterns produced using Powdercell 2,3 
software.
Several problems were encoimtered during the XRD analysis. The first concerns the as- 
cast alloy structure, since during melting the grains became highly orientated. These 
prefened orientations give rise to differences in the relative intensities from the nominal 
values. Overcoming this problem requires rotating the sample around an axis normal to the 
focal plane of the diffractometer, which was not possible with the instiiunent used. The 
second problem concerns ensuring that the sample’s surface is positioned precisely at the 
focal plane of the instrument. Any shifts in the sample’s position fr om the diffr actometer 
axis cause some shifts in the peak positions and are probably the major source of enors in 
the measurements. Therefore, in this research, the spectra were calibrated using a known 
peak.
3.3.5 Election Probe Microanalysis
The electron probe microanalysis (EPMA) on a JEOL JXA 8600 was used for the 
characterisation of the Co-Fe-Si alloys. EPMA uses a combination of an electron 
microprobe and electron-beam-induced X-ray fluorescence. The election beam also
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ionises elements in the sample, making X-ray fluorescence analysis possible. The 
microprobe used is equipped with both EDX and wavelength dispersive analysis (WDX) 
systems. The EDX detector allows acquisition of the X-ray data at low election beam 
cunents. Spatial resolution of X-rays, approximately 1 pm can be obtained using 20 kV. 
The quick view of a wide range of X-ray energies afforded by an EDX detector is ideal for 
survey analysis. The superior X-ray resolving power of the WDX detector is essential for 
overlapping peaks, which limit sensitivity. This was important in this research since the 
Co kp overlapped with the Fe Kp.. The detected X-ray intensity was used to fonn an 
image instead of the secondary electron intensity. The major advantage of the microprobe 
is the ability to analyse small volumes in combination with the production of images.
In this research, EDX spectra with ZAF, (atomic number effect (Z), absorption (A), 
fluorescence (F)), iterative conections ' were used to characterise the microstructure and 
get quantitative chemical analysis of the binary Fe-Si and ten ternary Co-Fe-Si alloys. 
Dur ing the analysis the beam stabiliser was used to increase the accuracy of the results by 
keeping the electr on probe cunent and conditions of the sample as stable as possible.
In principle, this correction takes into account the above three factors that reduce the 
accuracy in the calculation of an elernenf s concentration by comparing the number of 
counts in the standard (Cstd) and the number of counts in the sample (Csam)*.
\  ^Std / 'std
(Eq 3.1)
The ZAF conections result from differences in density, and average atomic weight that 
exist between the sample and the standard. The atomic number conection is concerned 
with the efficiency with which an element generates X-rays, which differs with different 
environments. Furthermore the number of X-rays that travel through the material and are 
absorbed depends on the mass absorption coefficient, p. Therefore, a conection for 
absorption is necessary to account for the differences in p between the sample and the 
standard. The fluorescence con ection is introduced to account for number of high energy 
X-rays that lose energy by exciting lower energy fluorescence radiation.
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Before collection of spectia from each phase present in the sample examined, calibration of 
the analyser (Oxford Link ISIS) was canied out using pure iron and pure cobalt standards 
for the binary Fe-Si and the ternary Co-Fe-Si alloys, respectively. The calibration was 
repeated every hour in order to reduce any enors arising from drift in the election beam 
cunent. Chemical infonnation of the phases in each of the alloys was obtained using EDX 
‘spot analysis’ by positioning the election beam carefrilly on the phases to be analysed. 
Every spectrum was collected for a period of 60 seconds, at 20 kV accelerating voltage, in 
order to allow sufficient X-ray counts to be obtained. For eveiy phase at least 6 
measurements were taken from different areas in the sample. The maximum eiror in the 
results of the EPMA analysis was estimated to be ±2 at%.
The digital X-ray mapping facility on the SEM involves obtaining data from a large area of 
the sample and displays information about the elemental distribution within an alloy. In 
this technique the beam is controlled by the computer to move to a giid of points on the 
sample, which is the digital equivalent of a raster. The beam remains at these points for a 
pre-set time, while an analysis is canied out. Each analysis point then becomes a pixel in 
the displayed image. One of the advantages of the technique is that several elements may 
be collected at the same time by directing the counts from specified channels of the 
spectnim into different computer stores. The results presented in the sections 6.2 and 6.3 
are the mean of this collected data.
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Chapter 4: Results and Discussion: Ion 
Beam Assisted Deposition
4.1 Introduction
Chapter 4 deals with the materials that were iron and silicon co-deposited in stoichiometric 
ratios on silicon substi'ates using ion beam assisted deposition. Chapter 5 describes ion 
beam synthesis of transitional metals into silicon substrates and silicon-germanium layers 
deposited on silicon substr ates. Chapter 6 describes the investigation of the binaiy iron- 
silicon and ternary cobalt-iron-silicon alloys.
XRD spectra were taken from all the samples in both the co-deposited and implanted 
conditions. Due to the small sizes of the samples, they were held on a single crystal silicon 
support with double-sided sellotape during XRD. When indexing the XRD spectia shown 
in chapters 4 and 5, P refers to p-FeSii and a  to a-FeSi2 .
4.2 As-received samples
The samples studied were produced by co-deposition of iron and silicon onto a single 
crystal silicon wafer, as described in section 3,2.1. Samples were produced without and 
with an amoiphous silicon (a-Si) capping layer deposited on top of the co-deposited layer.
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4.2.1 Co-deposited samples at 50°C with stoichiometric Fe / Si ratios
To investigate the co-deposition of iron and silicon at a stoichiometi ic ratio of Fe:Si = 1:2, 
samples were co-deposited as detailed in table 4.1. The samples are paired^ deposits 1 & 3 
(capping layer) was deposited on an n-type Si substrate and deposits 5 & 6 (capping layer) 
was deposited on a p-type Si substrate. Both pairs do not utilise a second beam in the 
deposition process. The purpose of the a-Si capping layer was to prevent oxidation. To 
investigate the effect of using a second argon beam to bombard the silicon substrate during 
deposition of the Fe and Si layers, two samples (deposits 2 & 4 (capping layer)) were co­
deposited. The beam energy of the second argon beam was 250 eV with Iat/ Ape= 0.15, 
since Barradas et al (1997a) determined this to be the optimum ratio to produce good layer 
structures under Ar irradiation. Deposition of all layers was canied out at approximately 
50°C (323 K).
Sample Substrate Expected Layer Composition
2"** Beam 
Parameters
Capping
Layer
Deposit 1 Si (n-type) Fe:Si(l:2) N/A None
Deposit 2 Si (n-type) Fe:Si(l:2) 250 eV, lAr/AFe=0.15 None
Deposit 3 Si (n-type) Fe:Si (1:2) N/A 200 nm a-Si
Deposit 4 Si (n-type) Fe:Si(l:2) 250 eV, W AFe=0.15 100 nm a-Si
Deposit 5 Si (p-type) Fe:Si(l:2) N/A None
Deposit 6 Si (p-type) Fe:Si(l:2) N/A 200 nm a-Si
Table 4.1: Table showing the stoichiometric Fe and Si co-deposited samples.
4.2.1.1 Deposit 1
Deposit 1 is paired with deposit 3; iron and silicon were co-deposited in a stoichiometrie 
ratio, Fe:Si = 1:2, onto n-type single crystal wafer at 50 °C (323 K). The microstructure
 ^ Samples were paired so that at least one o f  the two related samples has a 200 nm amorphous Si eapping 
layer.
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was found to be a continuous layer (figure 4.1a) and was approximately 500 nm thick. 
There was no silicon capping layer in this sample. No evidence of crystalline phases was 
observed by XRD (figure 4.10).
glue
co-deposited layer
bulk Si50# nm
TTFi
Full tCBM = 590 cp9 Cuifeor 10.CM75kBV
1 f! Z n1 Cr 'a 1"
Figure 4.1: (a) XTEM image of deposit 1 in the as-deposited condition, where Fe and 
Si are co-deposited on a single crystal n-type Si wafer at approximately 50°C and no 
ion beam assistance, with no a-Si capping layer and (b) the accompanying elemental 
map. (c) EDX spectrum of the deposited layer.
The elemental maps (figure 4.1b) and EDX analysis suggests that iron silicide was formed. 
The EDX analysis (figure 4.1c) revealed that the composition of the layer was 33.7Fe- 
66.3Si, which is the stoichiometry of P-FeSiz. The EDX analysis is strongly dependent on 
the thickness of the sample, since the thicker the sample the larger the error in the EDX 
results. Therefore all EDX readings were taken as close to the hole produced by ion beam 
thinning as possible to minimise any inaccuracies due to the thickness of the layer.
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4.2.1.2 Deposit 2
Deposit 2 is paired with deposit 4. For both these samples, during the deposition process a 
second ion beam was aimed onto the substrate (n-type single crystal silicon wafer) to aid 
the mixing of the iron and silicon. The energy of the second beam was 250 eV and a low 
argon to iron atom ratio (Iat / Ape = 0.15) was used since this parameter was found to 
produce an improved layer structure as compared to samples prepared without argon 
irradiation, Barradas et al (1997a). The process produced a continuous surface layer 
(figure 4.2a). The layer was approximately 500 nm thick and featureless.
No evidence of crystalline phases was observed by XRD (figure 4.10). There was no 
capping layer deposited on this sample. The EDX analysis (figure 4.1) revealed the 
composition of the layer to be 34.2Fe-65.8Si. This is within the acceptable 33.3Fe-66.6Si 
± 2 at% error limit, for the stoichiometry of P-FeSiz. The elemental map (figure 4.2b) and 
EDX analyses would suggest that iron silicide was formed.
glue
co-deposited layer
bulk Si
Figure 4.2: (a) XTEM image of deposit 2 in the as-deposited condition where Fe and 
Si were co-deposited on a single crystal n-type Si wafer at approximately 50°C, ion 
beam assisted and no a-Si capping layer, and (b) the accompanying elemental map.
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4.2.1.3 Deposit 3
This sample differs from deposit 1 by the inclusion of an amorphous-silicon capping layer, 
approximately 200 nm thick, on top of the co-deposited layer, as shown in figure 4.3a. 
The microstructure was found to be a continuous layer and featureless. No evidence of 
crystallinity was given by XRD (figure 4.10). The layer was approximately 500 nm thick.
The EDX analysis performed on the layer revealed a composition 32.4Fe-67.6Si, which is 
within the acceptable 33.3Fe-66.6Si ± 2 at% error limit, for the stoichiometry of P-FeSii. 
The elemental maps (figure 4.3b) and EDX analyses suggest the formation of iron silicide.
glue
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Figure 4.3: (a) XTEM image of deposit 3 in the as-deposited condition where Fe and 
Si were co-deposited on a single crystal n-type Si wafer at approximately 50°C, 
without ion beam assistance and with a a-Si capping layer and (b) the accompanying 
elemental map.
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4.2.1.4 Deposit 4
During the deposition of deposit 4 a second ion beam was used to bombard the substrate. 
There was an amorphous-silicon capping layer deposited on top of the layer that was 
approximately 100 nm thick. The microstructure produced was a continuous layer (figure 
4.4a), approximately 500 nm thick. The layer was amorphous, as seen by the insert 
diffraction pattern in figure 4.4a.
The composition of the layer was determined to be 34.4Fe-65.6Si within the ± 2 at% error 
limit for p-FeSiz stoichiometry. The elemental maps (figure 4.4c) and EDX analyses 
suggest that the majority of the iron and silicon formed iron silicide. The XRD analysis, 
shown in (figure 4.10), exhibited no evidence for phase formation.
bulk Si
500 nm
amorphous-Si capping layer
co-deposited layer
Figure 4.4: (a) XTEM image and (insert) amorphous diffraction pattern of deposit 4 
in the as-deposited condition: Fe and Si were co-deposited on a single crystal n-type 
Si wafer at approximately 50°C, with ion beam assistance and a a-Si capping layer, 
and (c) the accompanying elemental maps.
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4.2.1.5 Deposit 5
The deposit 5 sample is paired with deposit 6; both samples used p-type single crystal 
silicon substrates as opposed to the four previous samples described in this section that 
were deposited on n-type substrates. The microstructure was found to be a continuous 
layer (figure 4.5a). XRD produced no evidence of crystalline phases being present in this 
sample (figure 4.10). The layer was approximately 500 nm thick.
co-deposited layer
bulk Si
Figure 4.5: (a) XTEM image of deposit 5 in the as-deposited condition where Fe and 
Si were co-deposited on a single crystal p-type Si wafer at approximately SO°C, no 
ion beam assistance and no a-Si capping layer and (b) the accompanying elemental 
map.
There was no silicon capping for this sample. The composition of the layer was 
determined to be 33.5Fe-66.5Si and within the ± 2 at% error limit for P-FeSiz 
stoichiometry. The elemental maps (figure 4.5b) and EDX analyses suggest that silicide 
was formed after the deposition process.
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4.2.1.6 Deposit 6
This sample is paired with deposit 5, was deposited on p-type single crystal silicon, but 
included an amorphous-silicon capping layer, which was approximately 200 nm thick. 
The microstructure was a continuous layer (figure 4.6a), approximately 500 nm thick.
bulk Si
500 nm
amorphous-Si capping layer
co-deposited layer
•  107
(b)
Figure 4.6: (a) XTEM image of deposit 6 in the as-deposited condition where Fe and 
Si were co-deposited on a single crystal p-type Si wafer at approximately 50°C, with 
no ion beam assistance and an a-Si capping layer and (b) the accompanying 
elemental maps.
The XRD confirmed that the layer was amorphous, as can be seen in (figure 4.10). EDX 
analysis revealed the composition of the layer to be 32.6Fe-64.4Si, within the ± 2 at% 
error limit for ^-FeSiz stoichiometry (33.3Fe-66.6Si). The elemental maps (figure 4.6b) 
and EDX analyses suggest that iron silicide was formed after the deposition process.
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4.2,2 The effect of varying deposition temperatures
To investigate the influence of deposition temperature on layer structure several samples 
were prepared. The layers were deposited at the stoichiometric ratio, Fe:Si 1:2, and 
produced as described in section 3.2.1, without the aid of ion beam assistance, because a 
second beam during deposition increases the temperature of substrate and the objective of 
these samples was purely to observe the effect of deposition temperatiue. Also a capping 
layer was not deposited and subsequent annealing after deposited was not used. The 
deposition temperatures varied from room temperatures up to 800°C, increasing in 100°C 
increments.
The XRD study was conducted on all samples and the spectra are given in appendix B. 
However, for TEM studies, samples were only produced using deposition at room 
temperature and at the highest deposition temperature of 800°C, to observe how the layer 
changed over the temperature range. Other results fr om the deposition earned out at 200°C 
and 300°C are included to check for the transition from amoiphous to crystalline layers, 
Milosavljevic (2002a).
4.2.2.1 Deposit 7: Room temperature deposition.
The microstmcture was found to be a continuous surface layer (figure 4.7a) and was 
approximately 200 nm thick. Election diffraction confirmed the layer to be amoiphous by 
the diffrise rings shown in the insert in figure 4.7a. EDX analysis revealed that the 
composition of the layer was 32.5Fe-67.5Si, which is within the ± 2 at% error for P-FeSiz 
stoichiometiy. The elemental maps (figure 4.7b) suggest that the iron and silicon formed 
iron silicide, throughout the deposited layer.
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Figure 4.7: (a) XTEM image and (insert) amorphous diffraction pattern of deposit 7, 
deposition at room temperature, where Fe and Si were co-deposited on a single 
crystal n-type Si wafer and (b) the accompanying elemental maps.
4.2.2.2 Deposit 9: (200°C) & Deposit 10 (300°C): Transition from amorphous to 
crystalline layers
Transmission electron microscopy results from the next two samples, deposit 9 and deposit 
10, deposited at 200°C and 300°C respectively are shown in figure 4.9. These results were 
obtained by Milosavljevic (2002a) at the University of Surrey, who kindly gave permission 
to the author for their inclusion in this thesis. These samples confirm the transition 
between amorphous and crystalline layers, with respect to deposition temperature. Co- 
depositing Fe and Si at 200°C produced a featureless and amorphous layer, confirmed by 
the diffuse rings in the insert of figure 4.8a. However, after co-deposition at 300°C a 
polycrystalline layer was observed, as shown in figure 4.8b. Electron diffraction confirmed 
the grains to be the orthorhombic P-FeSiz, as shown in figure 4.8c, which shows the 
[OllJP-FeSiz zone axis. This result is in agreement with the XRD data that shows the 
development of peaks attributed to the onset of crystallinity, (figure 4.10).
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Figure 4.8: (a) XTEM image of the amorphous layer produced by depositing Fe and 
Si at 200°C, (b) XTEM image of the polycrystalline layer produced by co-dcpositing 
Fe and Si at 300°C and the relating (c) [OlliP-FeSi: microdiffraction pattern, 
Milosavljevic et al (2002a).
4.2.2.3 Deposit 15: Deposition at 800°C
Deposition at 800°C produced a microstructure consisting of a discontinuous layer (figure 
4.9a) with grains approximately 200 nm wide at the widest point. The microdiffraction 
(MD) pattern shown in figure 4.9b was obtained from the dark grains in figure 4.9a, along 
the (032)P-FeSi2 zone axis. The grains that nucleated on the layer / silicon substrate 
interface and grown into the silicon substrate were found to be P-FeSiz. EDX analysis of 
the grains revealed a composition of 31.7Fe-68.3Si. This is within the ± 2 at% the error 
limit for the P-FeSiz stoichiometry. The elemental map (figure 4.9c) suggests the 
formation of iron silicide.
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Figure 4.9: (a) XTEM image of deposit 15, deposition at 800°C, where Fe and Si were 
co-deposited on a single crystal n-type Si wafer, (b) the MDP of the deposited layer 
taken along the (032)P-FeSiz zone axis and (c) the accompanying elemental maps.
4.2.2.4 XRD study o f deposits produced at different deposition temperatures
A summary of the XRD spectra as a function of increasing temperature is shown in figure 
4.10. Electron diffraction confirmed that the samples deposited at room temperature 
(section 4.2.2.1) and 200°C (section 4.2.2.2) were amorphous, as confirmed by the 
presence of diffuse rings typical of an amorphous phase as shown in figures 4.7a and 4.8a, 
respectively.
TEM results have confirmed that depositions carried out at 300°C (section 4.2.2.2) up to 
800°C (section 4.2.2.3) produced crystalline layers; this is reflected in the development of
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peaks observed in the XRD spectra from 300°C upwards. Figure 4,10 shows that the 
number of peaks attributed to the p-FeSiz phase increased as a function of increasing 
temperature.
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Figure 4.10: Summary of the XRD data for deposits produced at different 
temperatures.
As the deposition temperature is increased the intensity of the (220) oriented peaks of the 
p-FeSiz phase decreased, whereas the intensity of the (332) oriented peaks of the p-FeSiz 
increases. The high temperature a-FeSiz morphology is not obseiwed at 800°C in this 
study as reported by Sasase et al (2001).
4.3 The effect of an annealing treatment on the samples
All samples were also examined in the as-deposited / -implanted and annealed (in a Nz 
atmosphere) condition. There were two annealing treatments, at 800°C for 20 minutes and 
at 900°C for 18 hours. The results are detailed in section 4.3.1 below.
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4.3.1 Samples with near-stoichiometric FeSi: ratios
4.3.1.1 Deposit 1
After annealing at 800°C for 20 minutes, the microstructure of the layer changed, sec also 
section 4.2.1.1. The layer was approximately 500 nm thick and polycrystalline. Electron 
diffraction confirmed the grains to be p-FeSii, as shown in figure 4.11b, which shows a 
selected area diffraction (SAD) pattern taken along the [112](3-FeSi2 zone axis. The EDX 
analysis revealed that the polycrystalline layer was of the P-FeSiz stoichiometry. The 
elemental maps (figure 4.11c) support the EDX analysis that silicide was formed after the 
annealing process.
bulk Si500 nm
co-deposited layer
Figure 4.11: (a) XTEM image of Fe and Si co-deposited on a single crystal n-type Si 
wafer, with no a-Si capping layer, after annealing at 800°C for 20 minutes, (b) 
diffraction pattern taken from a grain within a layer showing the |112|p-FeSiz zone 
axis and (c) the accompanying elemental maps.
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After annealing at 900°C for 18 hours, the microstructure of the layer was polycrystalline 
and the layer was approximately 500 nm thick. The layer contained only a few big grains, 
as compared to the 800°C anneal, where more grains were observed due to the lower 
growth rates. The grains were confirmed to be P-FeSiz by electron diffraction and figure 
4.12b shows the SAD pattern of a grain along the (012)P-FeSiz zone axis.
co-deposited layer
bulk Si
500 nm (a)
021: w
•  •  •  •
•  •  • (b)
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Figure 4.12: (a) XTEM image of Fe and Si eo-deposited on a single crystal n-type Si 
wafer, with no a-Si capping layer, after annealing at 900°C for 18 hours, (b) SAD 
pattern taken from a grain within a layer showing the |012|P-FeSiz zone axis. It 
should be noticed that the non-uniformity in the maps is due to the variation in 
specimen thickness, (c) The accompanying elemental maps.
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Figure 4.13: The XRD data for deposit 1 after annealing at 800°C and 900°C.
The EDX analysis revealed that the composition of the grains corresponded to P-FeSiz. 
The elemental maps (figure 4.12c) and EDX (figure 4.12d) analysis suggest that the iron 
silicide was formed in this condition. The XRD data is shown in figure 4.13. The spectra 
of the annealed samples were almost identical with the exception of the (022)p peak, which 
appeared in the 900°C annealed sample. The phase formed during annealing was the 
orthorhombic P-FeSiz phase.
4.3.1.2 Deposit 2
Deposit 2 utilised a second ion beam to bombard the surface of the sample during 
deposition. After annealing at 800°C for 20 minutes, the microstructure of the layer 
changed, see also section 4.2.1.2. The layer was approximately 500 nm thick and severely 
degraded. There were grains growing within the layers and on the layer / silicon substrate 
interface. Using electron diffraction, the grains from within the layer (figure 4.14b) and 
those on the interface (figure 4.14c) with the silicon substrate were confirmed to be 
orthorhombic P-FeSiz phase. EDX analysis and elemental maps (figure 4.14d) suggested 
that these grains were the p-FeSiz phase.
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FeKa.SiK
co-deposited layer
P-FeSiz grains
bulk Si
Figure 4.14: (a) XTEM image of Fe and Si co-deposited on a single crystal n-type Si 
wafer, with ion beam assistance and no a-Si capping layer, (deposit 2) after annealing 
at 800°C for 20 minutes, (b) microdiffraction pattern (MDP) from P-FeSiz grain 
within the deposited layer along the |011|P-FeSiz zone axis, (c) MDP from P-FeSiz 
grain on the interface with the silicon substrate along the |132|P-FeSiz zone axis and 
(d) the accompanying elemental maps.
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The grains on the interface with the silicon substrate exhibit contain internal structure. 
This was also observed by Yang (1996) in ion beam synthesised Si / P-FeSiz / (lOO)Si. 
The internal structure is characterised by the presence of internal streaking contrast in the 
P-FeSiz grains and is shown by the black arrow in figure 4.15a. Microdifffaction pattern 
of this grain revealed the spots to be streaked, as shown in figure 4.15b. This streaking can 
be attributed to the presence of planar defects on the (200)P-FeSiz lattice planes that 
produce the elongated diffraction spots in the [021]P-FeSiz zone axis microdiffraction 
pattern. The diagonal lines, shown by the black arrow in figure 4.15a, are interfaces 
between domains. Since the lengths of the b and c axes of the orthorhombic unit cell are 
almost identical, the atomic arrays along the b and c axes are different, the adjacent narrow 
domains separated by the interfaces can be defined as ordered domains because the 
difference between these domains is in the array of the component elements.
co-deposited layer
200nm
P-FeSiz grains
bulk Si
1-1220^,0 • o
®  (§) ®  (§)000 200,20(k
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Figure 4.15: (a) Grains growing on the interface with the silicon substrate showing the 
internal structure within the grain shown by the black arrow and (b) schematic 
representation of the ordered domains within the microdiffraction pattern.
After annealing at 900°C for 18 hours, the poly crystalline microstructure of the layer 
exhibited signs of further growth and was approximately 500 nm thick, as shown in figure
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4.16a. The layer has degraded further during the annealing process. The grains on the 
interface with the silicon substrate and within the layer continued to grow and electron 
diffraction confirmed the orthorhombic structure of the P-FeSiz phase, as shown in figure 
4.16b. Figure 4.16b shows both the microdifffaction pattern for the (llO)Si and the 
(OlO)P-FeSiz zone axis.
bulk Si
2 0 0 n m
eo-deposited layer
P-FeSiz grains
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Figure 4.16: (a) XTEM image of Fe and Si co-deposited on a single crystal n-type Si 
wafer, with ion beam assistance and no a-Si capping layer, (Deposit 2) after annealing 
at 900°C for 18 hours, (b) microdiffraction pattern of the grains in the layer show 
both the [llOjSi and the jOlOjP-FeSiz zone axis and (c) the accompanying elemental 
maps.
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Figure 4.17: XRD data for deposit 2 after annealing at 800°C and 900°C.
The elemental maps, figure 4.16c, also support the formation of iron disilicide. The XRD 
data, shown in figure 4.17, suggested the presence of (i-FeSiz phase after both annealing 
treatments.
43.1.3 Deposit 3
After annealing at 800°C for 20 minutes, the microstructure of the layer changed, see also 
section 4.2.1.3. The layer was approximately 500 nm thick and polycrystalline and is 
shown in figure 4.18a. The silicon capping layer was approximately 200 nm. This sample 
is paired with deposit 1 and SAD confirmed the presence of P-FeSiz grains in deposit 1 
(figure 4.12b).
The XRD results, shown in figure 4.20, suggested the presence of p-FeSiz. The elemental 
maps (figure 4.18b) and EDX analysis also suggested that iron silicide was formed. All the 
evidence would confirm that the orthorhombic P-FeSiz phase was formed in this sample.
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Figure 4.18: (a) XTEM image of Fe and Si co-deposited on a single crystal n-type Si 
wafer, with a amorphous-Si capping layer, after annealing at 800°C for 20 minutes 
and (b) the accompanying elemental maps.
bulk Si
* ' amorphous-Si capping layer
co-deposited layer
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Figure 4.19: (a) XTEM image of Fe and Si co-deposited on a single crystal n-type Si 
wafer, with an a-Si capping layer, after annealing at 900°C for 18 hrs and (b) the 
accompanying elemental maps.
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After annealing at 900°C for 18 hours, the microstrueture of the layer evolved further, as 
shown in figure 4.19a. The grains had grown much larger. The layer was approximately 
500 nm thick and polycrystalline. The silicon capping layer was approximately 200 nm 
and had degraded further during this anneal resulting in much larger holes being present in 
it. The elemental maps (figure 4.19b) and EDX analysis suggested that silicide was 
formed. All the evidence would confirm that P-FeSiz was formed during this anneal. The 
complete XRD data is shown in figure 4.20. The P-FeSiz phase was suggested to form in 
both annealed samples.
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Figure 4.20: XRD data for deposit 3 after annealing at 800°C and 900°C.
4.3.1.4 Deposit 4
The as-deposited condition was described in section 4.2.1.4. After annealing, the 
microstructure was found to be a continuous layer (figure 4.21a). The layer was 
approximately 500 nm thick. The sample has degraded during this anneal. This sample 
had a silicon capping layer, which was approximately 100 nm thick. The capping layer 
began to delaminate from the layer during annealing. This sample was paired with deposit 
2 (section 4.3.1.2) and microdifffaction analysis confirms the presence of the orthorhombie
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P-FeSiz phase during this anneal. The EDX performed on several grains within the layer 
revealed a P-FeSiz stoichiometry, within the ± 2 at% error limit. The elemental maps 
(figure 4.21b) suggest that iron silicide was formed throughout the layer. All the evidence 
including the XRD analysis (figure 4.23) would confirm the formation of the P-FeSiz 
phase during this anneal.
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Figure 4.21: (a) XTEM image of Fe and Si co-deposited on a single crystal n-type Si 
wafer, with ion beam assistance and an a-Si capping layer, after annealing at 800°C 
for 20 minutes and (b) the accompanying elemental maps.
After annealing at 900°C for 18 hours the layer was approximately 500 nm thick and 
polycrystalline and is shown in figure 4.22a. The amorphous silicon capping layer was 
approximately 1 0 0  nm thick and has degraded and delaminated further during this anneal. 
Grains had nucleated on the co-deposited layer / silicon substrate interface and had grown 
into large grains, although this was not observed on this interface in the previous anneal 
(figure 4.21a). EDX analysis suggested that the grains within the layer and on the interface 
with the silicon substrate had the P-FeSiz stoichiometry. The elemental maps (figure 
4.22b) also suggested the formation of iron silicide. This sample was paired with deposit 2
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(section 4.3.1.2) and confirmed the formation of the P-FeSiz phase at this anneal. All the 
evidence from this sample including the XRD data (figure 4.23) and deposit 2 would 
confirm the formation of the p-FeSiz phase during this anneal.
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Figure 4.22: (a) XTEM image of Fe and Si co-deposited on a single crystal n-type Si 
wafer, with ion beam assistance and an a-Si capping layer, after annealing at 900°C 
for 18 hours and (b) the accompanying elemental maps.
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Figure 4.23: XRD data for deposit 4 after annealing at 800°C and 900°C.
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The complete XRD data is shown in figure 4.23. The orthorhombic p-FeSiz phase was 
formed in both annealed samples.
43.1.5 Deposit 5
After annealing at 800°C for 20 minutes, the microstrueture of the layer changed, see 
section 4.2.1.5. The layer was approximately 500 nm thick and polycrystalline and is 
shown in figure 4.24a. EDX analysis revealed that the composition of the layer was 
34.2Fe-65.8Si. The elemental maps of the sample suggested that the iron and silicon 
formed iron silicide, as shown in figure 4.24b. All the evidence including the XRD data 
(figure 4.26) would confirm the formation of the orthorhombic P-FeSiz phase during this 
anneal.
bulk Si500 n m
co-deposited layer
Figure 4.24: (a) XTEM  image of Fe and Si co-deposited on a single crystal p -type Si 
wafer, with no a -S i capping layer, after annealing at 800°C for 20 minutes and (b) the 
accom panying elemental maps.
After annealing at 900°C for 18 hours, the layer was approximately 500 nm thick and 
polycrystalline. The grains formed during the previous anneal continued to grow. The 
elemental maps (figure 4.25b) and EDX analysis suggested that the majority of the iron and
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silicon had formed iron silicide. This conclusion was assisted by the data for sample 
deposit 1, which was confirmed to form p-FeSiz using selected area diffraction. The XRD 
data for this sample also indicated that P-FeSiz forms, therefore, all the evidence would 
confirm that p-FeSiz fonned during this anneal.
bulk Si
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Figure 4.25: (a) XTEM image of Fe and Si co-deposited on a single crystal p-type Si 
wafer, with no a-Si capping layer, after annealing at 900°C for 18 hrs and (b) the 
accompanying elemental map.
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Figure 4.26: XRD data for deposit 5 after annealing at 80G°C and 900°C.
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The complete XRD data is shown in figure 4.26. The P-FeSiz phase was formed in both 
annealed samples.
4.3.1.6 Deposit 6
After annealing at 800°C for 20 minutes, the microstrueture of the layer changed, see 
section 4.2.1.6 . The layer was continuous and approximately 500 nm thick and is shown in 
figure 4.27a. EDX analysis gave a composition of 34.lFe-65.9Si, which is approximately 
the P-FeSiz stoichiometry and within the ± 2 at% error limit. The amorphous silicon 
capping layer was approximately 2 0 0  nm and had degraded noticeably with holes 
developing at the interface with the layer. Small grains appeared to have nucleated on the 
co-deposited layer / silicon substrate interface, unfortunately they were too small for EDX 
analysis. The elemental maps (figure 4.27b) and EDX analysis suggested that iron silicide 
had formed. All the evidence for this sample supports the formation of P-FeSiz grains 
during this anneal.
amorphous-Si capping layer
co-deposited layer
bulk Si
Figure 4.27: (a) XTEM image of Fe and Si co deposited on a single crystal p-type Si 
wafer, with a amorphous-Si capping layer, after annealing at 800°C for 20 minutes 
and (b) the accompanying elemental map.
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After annealing at 900°C for 18 hours, the grains of P-FeSiz that had nucleated at the layer 
/ silicon substrate interface had grown into much larger grains (figure 4.28a). The layer 
was approximately 500 nm thick and polycrystalline.
500 nm
amorphous-Si capping layer
co-dcposited layer
bulk Si
Figure 4.28: (a) XTEM image of Fe and Si co-deposited on a single crystal p-type Si 
wafer, with a amorphous-Si capping layer, after annealing at 900°C for 18 hours and 
(b) the accompanying elemental map.
EDX analysis revealed the composition of the layer to be 32.6Fe-67.4Si, which is within 
the ± 2 at% error limit for P-FeSiz stoichiometry. The amorphous silicon capping layer 
was approximately 200 nm. However, the capping layer had further degraded during this 
anneal resulting in much larger holes in the layer. All the evidence, including the XRD 
data, would confirm the formation of P-FeSii in this sample. The complete XRD data is 
shown in figure 4.29. The P-FeSiz phase was formed in both annealed samples.
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Figure 4.29: XRD data for deposit 6 after annealing at 800°C and 900°C.
4.4 Summary of results
Transmission electron microscopy and X-ray diffraction were used to study iron and
silicon co-deposited layers produced on silicon substrates. The main conclusions are:
Low temperature co-deposited samples with stoichiometric Fe / Si ratios:
1. In the as-deposited condition, all the layers were confirmed to be featureless 
and amorphous by electron diffraction.
2. EDX analysis confirmed the layers to be of P-FeSiz stoichiometry. The 
composition of the samples is given in table 4.2a.
3. The XRD spectra confirmed the amorphous structure of the samples.
4. After annealing the layers were polycrystalline. Selected area diffraction and 
microdiffraction confirmed the presence of the orthorhombic P-FeSiz phase.
5. Ion beam assistance produced P-FeSiz grains on the interface with the silicon 
substrate that contained defects. The grains were characterised by internal 
streaking contrast. This is attributed to the coexistence of ordered domains that 
are oriented at 90° to one another around the [200]P-FeSiz.
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6 . EDX analysis confirmed the compositions of the layers for each sample to be of 
the p-FeSiz stoichiometry. The EDX results are suimnarised in table 4.2b,
7. The XRD spectra confiimed the P-FeSiz phase to be formed in both annealed 
conditions.
Sample Fe(at%)
Si
(at%)
Deposit 1 33.7 66.3
Deposit 2 34.2 65.8
Deposit 3 32.4 67.6
Deposit 4 34.4 65.6
Deposit 5 33.5 66.5
Deposit 6 32.6 67.4
(a)
Sample Fe (at%) Si (at%)
Deposit 1
800°C for 20 minutes 32.3 67.7
900°C for 18 hours 32.8 67.2
Deposit 2
800°C for 20 minutes 33.2 6 6 . 8
900°C for 18 hours 33.2 6 6 . 8
Deposit 3
800°C for 20 minutes 33.4 6 6 . 6
900°C for 18 hours 32.8 67.2
Deposit 4
800°C for 20 minutes 31.7 68.3
900°C for 18 hours 33.4 6 6 . 6
Deposit 5
800°C for 20 minutes 33.4 6 6 . 6
900°C for 18 hours 33.5 66.5
Deposit 6
800°C for 20 minutes 31.6 68.4
900°C for 18 hours 32.6 67.4
(b)
Table 4.2: Tables showing (a) compositions of the samples deposited at 50°C (323K) 
and (b) the EDX compositions for each sample in the annealed condition.
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The effect of vaiwing deposition temperatures.
1. Samples deposited at room temperature, 100°C and 200°C were confirmed to be
amoiphoiis by electron diffraction and XRD.
2. Samples deposited at 300°C or higher temperatures were crystalline as
confrnned by electron diffraction.
3. EDX of the layers deposited at room temperature and at 800°C confirmed a P-
FeSiz stoichiometry.
4.5 Discussion of the results for the stoichiometric samples
This section contains the discussion and analysis of the results presented in sections 4.2- 
4.3. The aim of this section is to bring together the results in a way that allows a 
meaningful comparative study to be made.
4.5.1 Structure of the low temperature deposited samples with near-stoichiometric FeSiz 
composition
The results of ion beam assisted deposition of iron and silicon on silicon substrates in 
stoichiometric FeSiz composition were presented in sections 4.2.1. Electron diffraction 
(figure 4.4b) confirmed the as-deposited layers to be in the amorphous state. The EDX 
also confirmed that the composition of the layers was 33Fe-66Si ± 2 at%, which is the p - 
FeSiz stoichiometry. Semiconducting amorphous FeSiz has been reported previously in the 
literature as a promising candidate for applications in large-area electronics, due to its 
direct band gap, for examples see Milosavljevic et al (2001c).
The amorphous state of a material is characterised by a lack of long-range order in the 
structure. The glass tr ansition is the transformation from the high temperature liquid to an 
amorphous solid. Shao (2000) has modelled glass transition as a second order phase 
transformation. In the Fe-Si system the competing phases are the fee, bcc, liquid and 
amorphous phase. The relationship between Gibbs free energy and composition at 573K is
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illustrated in figure 4.30 for the Fe-Si system where the ground state stable compounds are 
shown as squares. It is seen that the amorphous phase becomes more stable than the 
random solution phases at this temperature when the Si composition is above 0.44. The 
dotted common tangent between the amorphous phase (am) and the diamond A4 Si defines 
the metastable phase composition of amorphous phase and the crystalline Si.
0 .2  0 .4  0 .6  0 .8
Mo I f r a c t i o n  o f  SI
Figure 4.30: Calculated Gibbs free energies of various phases in the Fe-Si system at 
573 K.
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Figure 4.31: Metastable Fe-Si phase diagram with the compound phases suspended 
(after Milosavljevic et al 2002b).
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The metastable Fe-Si phase diagram with the gi'oimd state compound phases suspended 
(figure 4.31) illustr ates the metastable equilibrium of the amorphous phase with the Si. It 
can be seen that at the deposition temperature of 50°C (323 K) and 0.66 molar fraction Si, 
the only phase that can form is the amorphous phase, since at such low temperatures 
atomic mobility is so low that the nucléation and growth of stoichiometr ic compounds is 
severely retarded.
Fonnation of the amorphous phase has been reported in the literature previously by 
Milosavljevic et al (2002b) who investigated the synthesis of amorphous FeSiz by ion 
beam mixing. Wang et al (2002) also stated that the formation of the amorphous phase 
could be attr ibuted to the suppression of the crystallisation process due to limited surface 
diffusion. When the crystallisation process of an ordered phase is forbidden Idnetically, the 
solution phases will compete on the basis of thermodynamic stability.
The kinetic limit due to surface diffusion can be characterised by an effective diffusion 
distance x, which is given as (Cantor and Cahn, 1975)
(Eq4.1)
where a  is the atomic spacing, R is the deposition rate and Ds is the surface diffusion 
coefficient. The surface diffusivity of metallic systems can be approximated as (Shao and 
Tsakiropoulos 2000)
« 10"’ exp - 1 0 - ^  T y (rnVs) (Eq 4.2)
where Teui is the eutectic temperature for the liquid —> p-FeSiz + Si transformation at 
1207°C (1480 K). Given that a  = 0.3 nm and the deposition rate is 0.07 nrn / s, calculated 
values of x are given for co-deposited samples in table 4.3. When x «  a, the lattice 
parameters the atomic mobility of the deposited atoms is insufficient for phase separation 
in the deposits that are fully intermixed. When x is greater than the unit cell size of a 
competing crystalline phase (-0.8 nm for p-FeSiz), crystallisation diuing deposition is
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possible (Shao 2003). Table 4.3 shows that for deposition at 323, 373 and 473 K the mean 
difhision distance (x) is significantly smaller than the lattice parameter of the p phase; this 
limited diffusivity explains the observed amorphous structures in the layers deposited at 
room temperature (323 K), 373 K and 473 K (sections 4.2.1 and 4.2.2.1).
Tsubstrate Ds (rn^s'^) X  (nm) Comment Reference
323 1.26E-27 7.35E-05 Phase separation
373 5.86E-25 0.0016 suppressed
473 2.58E-21 0.1051
573 6.06E-19 1.6126
673 2.81E-17 10.9882 This Work
773 4.84E-16 45.5709 Phase separation
873 4.34E-15 136.4344 possible
973 2.48E-14 326.0390
1073 1.02E-13 662.3603
573 6.06E-19 0.6031 Phase separation possible
Milosavljevic 
et al 2 0 0 2 b
773
873
4.84E-16
4.34E-15
4.261
12.756
Phase separation 
possible Ravesi et a/1993
Table 4.3: Effective mean diffusion distances (x) in the P-FeSiz deposits studied in this 
thesis.
4.5.2 Structure of the deposited layers after annealing.
The results describing the effect of annealing on the as-deposited samples were presented 
in section 4.3.1. Two annealing regimes were used at 800°C for 20 minutes and 900°C for 
18 hours for each sample.
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4.5.2.1 Deposition without Plasmon Assistance: Deposits 1, 3, 5 and 6.
Deposits 1 and 3 were deposited onto n-type Si substrate and deposits 5 and 6  deposited 
onto p-type Si substrate. There were no differences in the deposited rnicrostructure 
obseiwed between the n -  and p-type Si substrates. TEM and XRD studies confirmed that 
the layers were amorphous, in the as-deposited condition, and grew into polycrystalline P- 
FeSiz layers dming annealing. The explanation for these phenomena is via nucléation 
growth of the P-FeSiz phase from the amorphous layer.
From the classical theory of nucléation the volume fr ee energy decreases at the appearance 
of a new phase, while during the formation of this new interface, the surface fr ee energy 
increases. However, there is an energy barrier that must be overcome for the new phase to 
be stable or the new phase will dissipate. Nucléation in thin films, as in solids, is almost 
always heterogeneous. The grains in the unassisted samples grow on the Si substrate / 
deposited layer interface and, in the capped samples, Deposits 3 & 6 , on the amorphous-Si 
capping layer / deposited layer interface. The grains grew into the layer until they 
impinged upon each other diuing the annealing process.
The quality of a thin film was improved by using co-deposition of Fe and Si fr om a target 
of pre-selected stoichiometry as compared to simply depositing one element on a Si 
substrate using sputtering (Doscher et al, 1996), electron beam (Datta et al, 1999), or 
thermal evaporation with subsequent annealing. Co-deposition avoids long-range 
diffusion and subsequent annealing of the layers transforms them into the crystalline phase. 
Co-deposited films are also polycrystalline and possess smooth surfaces and an abrupt 
interface with the Si substrate, Lange (1997).
In this work, co-deposition of Fe and Si has been used to form a stoichiometric FeSiz 
amorphous layer, see section 4.2.1. Annealing of the layers caused the heterogeneous 
nucléation of the P-FeSiz phase on the interfaces. Since, the p-FeSiz phase is more 
compact than the silicon diamond structure, for an equal number of silicon atoms the p - 
FeSiz occupies 6  % less volume than the original silicon, Pearle et al (1993). This presents 
a banier to the diffusion of silicon from the substrate and further silicide growth then 
occurs preferentially along the grain boundaries within the existing P-FeSiz layer. At low
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temperatures reactions silicon is the major diffusing element, Baldwin and Ivey (1996). 
This explains the grain growth into the layer and the formation of the observed large grain 
sizes produced after annealing.
The piupose of depositing an amorphous-Si capping layer on the unassisted samples 
(deposits 3 & 6 ) was primarily to prevent oxidation of the deposited layer. However, the 
capping layer was observed to crack and become delaminated from the deposited layer- 
after annealing. Herz and Brückner (1998) investigated this phenomenon in co-evaporated 
iron and silicon thin films on silicon substrates. Large tensile stresses were generated by 
structural relaxation of the amorphous film during deposition and annealing up to 400°C. 
When crystallisation occurs at about 400°C only small tensile stress contributions are 
generated for < 0. For n > 0, a distinct increase of tensile stress is observed. The 
densification of the amorphous film is translated into film thickness reduction. The 
crystallised P-FeSiz films possessed a high biaxial tensile stress of 1300-1600 MPa. The 
delamination and cracking of the capping layer is attributed to such stresses. The only way 
to reduce this large tensile stress in the layer is by difftisional creep. Doscher et al (1996) 
recognised that the large temperature gradient across the sample, during most deposition 
processes and rapid thermal processing, causes tension in the layer system. Tension above 
a certain limit will deteriorate the sample perfection, causing thin film detachment or 
cracks to form. However, it is possible to rule out these defects by keeping the energy 
density below 40 J / crn  ^ since this does not affect the crystal perfection. The problem of 
cracking and delamination of the capping layer can be suppressed by laying a capping layer 
of SiOz instead of amorphous-silicon, Suemasu et al (1999). The SiOz suppresses the 
aggregation of p-FeSiz islands and produces a polycrystalline layer.
4.5.2.2 Deposition with Plasmon Assistance: Deposits 2 and 4
The samples designated deposits 2 and 4 were produced using a second Ar beam to 
bombard the Si substrate during deposition. This process is known as ion beam assisted 
deposition (IBAD). The p-FeSiz grains were observed to grow both within the deposited
 ^Poissoti’s ratio: an elastic constant and is defined as the ratio o f  the lateral contraction per unit breath to the 
longitudinal extension per unit length when a materials is stretched. For most materials, the value is typically 
between 0.2 and 0.4.
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layers and on the interface with the deposited layer / silicon snbstiate, observed first during 
the 800°C for 20 minutes anneal. On three samples, an amoiphous-Si capping layer on top 
of the co-deposited layer to prevent oxidation of the co-deposited layer. The beam energy 
of the second argon beam was 250 eV with low Ar ion to Fe atom ratio (Im / Ape) equal to 
0.15, since this ratio was detennined by Banadas ei al (1997a) to give improved layers as 
compared to layers prepared without argon inadiation.
After annealing deposit 2  at 800°C for 2 0  minutes, a discontinuous P-FeSiz layer was 
obseived to have formed on the interface with the silicon substrate / deposited layer (figure 
4.15a). In the case of deposit 4, the P-FeSiz giains on the interface were only obseived 
during annealing at 900°C for 18 horns (figure 4.22a). McKinty et al (2000) studied the 
optical properties of IB AD p-FeSiz and detennined the presence of a direct band gap. A 
comparative study was conducted comparing IB AD, sputter deposition and MBE by 
Michely et al (1998) who reported that the effect of the ion beam, in IB AD, is to enhance 
the number of co-deposited islands formed during deposition. Provided the island-island 
distance is large compared to the total deposition area. The ion impacts create new islands 
independently of the impact area during the entire deposition time that produces a very 
broad island size distribution. This also allows some coalescence events to start.
Milosavljevic et al (2000) reported the optimum condition for the synthesis of P-FeSiz by 
ion beam mixing: a substrate temperature of 450 to 500°C to allow substantial inter- 
diffusion of Fe and Si and the growth of low temperature phases e.g. FezSi and FeSi. The 
ion beam irradiation induces an additional local energy transfer in the matrix that provides 
an extr a supply of Si from the substrate and the transformation of low temperature phases 
into the stable p-FeSiz. The two processes thermal diffrrsion (with the formation of low 
temperature phases) and ion beam mixing (with phase transformation to high temperature 
phases) occur simultaneously. The authors reported that subsequent annealing of the layers 
was not required due to the efficient initial mixing of inert gas ions used in the ion 
inadiation Milosavljevic et al (2001b).
Tenasi et al (1993) had previously studied the fonnation of P-FeSiz by the deposition of 
Fe onto Si single crystal substrate using IB AD at 400°C, which produced a polycrystalline 
FeSi layer and partially epitaxial p-FeSiz. They noticed a reduced grain size
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(approximately 13%) as compared with non-IBAD layers. This was attributed to the ion 
bombardment of the layer producing an increased number of nucléation sites due to local 
surface cleaning and increased atomic mobility during the early stages of interface 
formation. Amorphous FeSiz transforms to p-FeSiz via FeSi after annealing at 650°C and 
directly to P-FeSiz by annealing at 870°C, Milosavljevic et al (2 0 0 2 ).
The TEM study of deposit 2 revealed the presence of internal streaking contrast within the 
P-FeSiz grains on the interface with the Si substrate, as shown in figure 4.15a. This is 
attributed to the presence of ordered domains. The streaking contr ast arises from interfaces 
between coexisting p-FeSiz order domains that are oriented at 90° to one another around 
the [200]P~FeSiz and the interfaces between adjacent order domains are (200)P~FeSiz. 
The formation of these order domains can be explained in terms of a “growing-in” 
mechanism, shown in figure 4.32 due to the similarity between the b and c axes of the 
orthorhombic p-FeSiz phase allowing the nucléation of neighbouring domains with a 90° 
orientation relationship, Yang, (1996).
Since the (200)P-FeSiz plane is the most compact and has the lowest energy plane, growth 
rate of the p-FeSiz phase will be slower along the [200]P-FeSiz direction than other 
crystallographic directions. Furthermore, preferential growth along the directions 
perpendicular to the [200]P-FeSiz leads to the formation of plate-shaped P-FeSiz 
precipitates and it is the impingement of these p-FeSiz plates that form order domain 
boundaries on (200)p-FeSiz. It is energetically favourable for these domains to align 
themselves parallel to the (200)P-FeSiz because the atoms at the boundary of the (2 0 0 )P- 
FeSiz are undistorted, which minimises the interfacial free energy.
Recently, Arakawa et al (2002) reported the growth of P-FeSiz layers using Sb-mediated 
RDE. The researchers produced P-FeSiz layers without 90° order domains, but with planar 
defects and stated the possibility of growing layers consisting of single crystal domains 
without planar defects. During silicide growth, the excess Sb atoms were re-evaporated 
fr om the layer and no evidence of Sb-based compounds was obtained.
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Figure 4.32: Schematic diagram showing the formation of order domain boundaries 
on (200)P-FeSi2, via the “growing-in “ mechanism, after Yang (1996).
4.5.3 The effect of varying deposition temperatures.
To investigate the effect of deposition temperature samples were fabricated with iron and 
silicon deposited on silicon substrates at the stoichiometric ratio. Deposition temperatures 
from room temperature to 800°C, in 100°C increments were chosen. The deposition rate 
was constant for all deposition temperatures. TEM samples were prepared from the room 
temperature and 800°C deposited samples to study the evolution of the layers as a function 
of the deposition temperature and the results were described in section 4.2.2.
For the room temperature samples (figure 4.8a), 100°C and 200°C (figure 4.9a) TEM 
revealed the layer to be featureless and amorphous. EDX confirmed the layer to be of 
approximately P-FeSiz stoichiometry. The XRD spectra (figure 4.11) agreed with the 
TEM results. TEM revealed that the sample deposited at 300°C (figure 4.9c) has formed a 
polycrystalline continuous layer on the silicon substrate and at 800°C (figure 4.10a) 
produced a polycrystalline discontinuous layer with smaller grains of iron silicide 
nucleated on the layer / silicon substrate interface. EDX confirmed that the grains were of
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the P-FeSiz stoichiometry. The XRD spectia (figure 4.10) revealed that as the deposition 
temperature increased the number of peaks indexed to the p-FeSiz phase increased.
For reasons explained in section 4.5.1, table 4.3 shows that at deposition temperatures of 
less than 300°C, amoiphous layers were produced due to the limited diffiision distances of 
the co-deposits. However, at deposition temperatiues above 300°C the diffusion distances 
increased very rapidly as a fimction of increasing deposition temperature and allowed the 
(heterogeneous) nucléation of P-FeSiz grains on the Si substrate. The results in this work 
are in agreement with Tsunoda et al (1996). These produced FeSiz films amoiphous below 
300°C and ciystalline at 300°C and above. Koga et al (2000) determined that the 
ciystalline quality of the deposited layer is improved by increasing the substrate 
temperature, although these authors were studying the layer under the influence of a flux of 
Sb atoms in their experiments. These authors further stated that at low temperatures 
(<450°C), fonnation of FeSi is dominant, although in the work described in this thesis the 
low temperature layers were amorphous (section 4.2.2.2), the fonnation of FeSi was 
atti'ibuted to the low Si flux fiom the substiate into the silicide layer. Fuithennore, at high 
temperature, the high flux of Si from the substrate enhances the formation of the P-FeSiz 
phase.
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Chapter 5: Results and Discussion: Ion 
Beam Synthesis
5.1 Introduction
This chapter details the results of iron implanted into silicon substrates, cobalt implanted 
into iron silicide substiates and iron implanted into silicon-gennanium layers using ion 
beam synthesis.
5.2 As-Implanted Samples
5.2.1 Iron Implanted into Silicon
These samples are divided by beam currents during the implantation process. The Fe^ 
ions were implanted at 180 keV in both samples. The samples are designated as 140N2 
Sur, where the beam current was approximately 2 iiiA and the temperature during 
implantation was approximately 250°C and 140N2 Ppt sample used a higher beam 
current 5 niA and the temperature reached during implantation was approximately 
500°C. The annealing of these samples was carried out at 900°C for 18 hours (see table 
5.1).
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Beam Energy Beam Current Substrate DoseSample
[keV] [mA] Temp [°C] [xlO'^Fe cm'^]
140N2 Sur 180 2 -250 2
140N2 Ppt 180 5 -500 1.5
Tabic 5.1: Implantation parameters for iron implanted silicon substrates.
5.2.L I l40N2Sur
The substrate temperature reached approximately 250°C during implantation and three 
distinct and abmpt layers were produced. The top silicon layer was 60 nm in thickness 
approximately. The implanted layer and resulting radiation damage were approximately 
100 nm and 145 nm thick, respectively. The implanted layer was buried in the silicon 
substrate and was continuous and polycrystalline as shown in figure 5.1a. EDX analysis 
revealed that the as-implanted layer had the composition 32.3Fe-67.7Si, and is within ± 2 
at% error limit for p-FeSiz stoichiometry. Due to the limitations of spatial resolution of 
the technique, it was difficult to determine the exact composition of the as-implanted layer.
silicon layer 
as-implanted layer
radiation damage 
(a) (b)
Figure 5.1: (a) XTEM image of 140N2 Sur, Fe implanted Si n-type single crystal in 
the as-implanted condition and (b) the accompanying elemental maps. This sample 
was produced using a beam current of 2 mA.
The elemental mapping facility in the TEM (figure 5.1b) was used to observe the role of 
each element in the layer. The results suggested that the iron (red) and the silicon (green) 
did form an iron silicide (yellow) in the implantation zone.
200am
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Figure 5.2: The XRD spectrum of 140N2 Sur in the as-implanted condition.
The XRD data (figure 5.2) suggested that P-FeSii was fonned, during the implantation 
process. A peak indexed to iron monosilicide was also detected.
5.2.1.2 140N2Ppt
The substrate temperature in the 140N2 Ppt sample reached approximately 500°C during 
implantation and the microstioicture exhibited buried precipitates. The implanted layer was 
450 nm thick approximately. The elemental mapping in the as-implanted condition is 
shown in figuie 5.3b and suggests that iron silicide (yellow) was formed diuing the 
implantation process from the iron (red) and the silicon (green).
Accurate EDX analysis was unable to be peifonned in this condition due to the small size 
of the precipitates formed during the implantation process. The XRD data suggests that the 
implanted layer contains P-FeSiz precipitates, as seen in figure 5.4.
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Figure 5.3: (a) XTEM image of 140N2 Ppt, Fe implanted Si n-type single crystal in 
the as-implanted condition and (b) the accompanying elemental maps. This sample 
was produced using a beam current of 5 mA.
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Figure 5.4: The XRD spectra for 140N2 Ppt in the as-implanted condition.
5.2.2 Iron Implanted into Silicon-Germanium Layers
Two samples were fabricated to the specifications shown in table 5.2 using the method 
described in section 3.2.2.2. The difference between these samples was the amount of 
germanium in the silicon-germanium layer, namely 5.7% and 10.7%Ge.
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Sample Beam Energy 
[keV]
Beam Current 
[mA]
Substrate 
Temp [°C]
Dose 
[xlO'^Fe cm'^]
SiGe+Fe 180 6.5 -575 1.14
Tabic 5.2: Implantation parameters for iron implanted into silicon-germanium layer 
samples.
5.2.2.1 5.7%Ge + 1.14x10^^ Fe / cm^
The as-implanted layer is shown in figure 5.5a and has a similar rnicrostructure to that 
observed for 140N2 Ppt (figure 5.3a). The layer was buried in the overlaid MBE silicon- 
germanium layer and consisted of precipitates. Due to the small size of the precipitates 
accurate EDX was not possible. The implanted layer was approximately 400 nm thick. 
The elemental maps suggested that the iron (red) and silicon (green) formed iron silicide 
(dark red). The silicide is the dark red region in figure 5.5b since the germanium (blue) is 
situated within the layer and added to the silicide, which would be yellow, thus, makes it 
dark red. This suggests no interaction between the silicide and the germanium.
as-implanted
layer
(*) (b)
Figure 5.5: (a) XTEM image showing Fe implanted Si-5.7%Ge layer, fabricated on 
n-type single crystal silicon (b) and the accompanying elemental maps.
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Figure 5.6: The XRD spectrum of Fe Implanted Si-5.7%Ge in the as-implanted 
condition.
The XRD data in figure 5.6 would suggest that the (3-FeSi2 phase is fonned after 
implanting iron into silicon-germanium layers.
5.2.2J 10J%Ge + 1.14x10^^ Fe / crn^
The as-implanted layer is shown in figure 5.7a and consists of precipitates buried in the 
silicon-gennanium layer, similar to the rnicrostructure of the sample containing only 
5.7%Ge (figure 5.5a). The implanted layer was approximately 400 nm thick. EDX 
analysis was not perfonned due to the small size of the precipitates. The elemental map 
suggests that the iron (blue) and silicon (gieen) fonned iron silicide (light blue). The 
silicide is light blue since the germanium (red) is situated within the layer and added to the 
silicide, which would be cyan, thus, makes it light blue. As in the 5.7%Ge, there appears to 
be no interaction between the silicide and the gennanium.
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Figure 5.7: (a) XTEM image showing Fe implanted Si 10.7%Ge layer, fabricated on 
n-type single crystal silicon (b) and the accompanying elemental maps.
The XRD spectrum in figure 5.8 contains fewer peaks than for the 5.7% Ge sample. 
However, the P-FeSi: phase is suggested to form.
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Figure 5.8: The XRD spectrum of Fe implanted Si-10.7%Ge in the as-implanted 
condition.
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5.2.3 Cobalt Implanted into p-FeSia
Three samples were produced to the specification shown in table 5.3 using the method 
described in section 3.2.2.3. The beam energy in the Co implanted p-FeSia samples was 
the same during both the Fe and Co implantation, 180 keV. The percentage Co given is the 
percentage of the total Fe dose that is replaced with Co.
Sample Beam Energy Beam CuiTent [niA] Substrate Dose[keV] Fe Implant Co Implant Temp [°C] rxlO*’ F e W ] [xl0‘  ^Co/cm^l
2% Co 180 6.5 0.2 470 1.5 3
5% Co 180 5 0.35 480 1.5 7.5
10% Co 180 5 0.5 238 1.5 15
Table 5.3: Im plantation parameters for iron and cobalt implanted silicon samples.
In the as-implanted condition, all three microstructures were discontinuous and buried in 
the silicon substrate. The precipitates consisted of various sized precipitates, with some 
precipitates having coalesced, as can be observed in all samples in figure 5.9. The 
precipitates were spherical in moiphology and approximately 100 nm in diameter or larger. 
The results of the EDX analysis are shown in table 5.4. The results suggest that the 
implanted cobalt is included in the orthorhombic P-FeSig phase.
Cobalt 
(% of Fe Dose)
Co (at%) Fe (at%) Si (at%) (Fe,Co)
(at%)
2 1.4 30.5 68.1 31.9
5 1.9 30.6 67.5 32.5
10 0.9 31.8 67.3 32.7
Table 5.4: EDX com positions after Co implantation.
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Figure 5.9: XTEM images showing an 1.5 x lO'  ^ Fe / cm  ^ implantation followed by 
annealing at 900°C for 18 hours and cobalt implantation into (lOO)Si n-type single 
crystal in the as-implanted condition. Implants of (a) 2%Co (b) 5%Co and (c) 
10%Co were chosen.
The elemental maps would suggest that the iron (red) and silicon (green) had formed iron 
silicide (yellow). However, the role of cobalt is inconclusive, since the detector has 
problems differentiating between iron and cobalt, which arc neighbours in the periodic 
table.
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Figure 5.10: Elemental maps for 1.5 x lO'^  Fe / em  ^ implantation and annealing at 
900°C for 18 hours followed by cobalt implantation into (lOO)Si n-type single crystal 
in the as-implanted condition. Implants of (a) 2%Co (b) 5%Co and (e) 10%Co were 
chosen.
5.2.3.1 XRD spectra
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Figure 5.11: XRD spectra of Co implanted ^-FeSiz in the as-implanted condition.
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The XRD data suggests that the p peSi] was formed after implanting Co into the p-FeSiz 
substrates.
5.3 The effect of an annealing treatment on the samples
5.3.1 Iron Implanted into Silicon
5.3.1.1 I40N2Sur
The as-deposited condition was described in section 5.2.1.1. On annealing for 18 hours at 
900°C, the buried layer (figure 5.1a) migrated to the surface as can be seen in figure 5.12a. 
The layer was polycrystalline and 250 nm thick at the lower point. The grains contain the 
internal structure attributed to the 90° ordered domains, as discussed in section 4.3.1.2. 
The EDX analysis revealed that the surface layer had a composition of 32.8Fe-67.2Si, 
which is with the ± 2 at% error limit for P-FeSiz stoichiometry. In the region adjacent to 
the polycrystalline surface layer the iron content was depleted considerably. The elemental 
mapping (figure 5.12b) suggested that the polycrystalline surface layer consisted of iron 
silicide (yellow).
Figure 5.12: (a) XTEM image of Fe implanted Si n-type single crystal after annealing 
for 18 hours at 900°C and (b) the accompanying elemental maps. This sample was 
produced using beam current of 2 mA.
The XRD data is shown in figure 5.13. In the as-deposited condition, the predominant 
phase was P-FeSiz. After annealing the only phase observed was P-FeSiz.
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Figure 5.13: XRD study comparing the as-implanted and annealed conditions in 
140N2 Sur.
A simulated annealing algorithm WinDF (Barradas et al 1997b), which has been developed 
at the University of Surrey, was used to process the RBS information to model the depth 
profile. Profiles were produced in the as-implanted and annealed conditions (figure 5.14a 
&b).
The model agreed with the TEM results that a buried layer was produced after the 
implantation process and after annealing a surface layer was observed due to the shift in the 
depth profile towards the y axis (figure 5.14b). This suggests that on annealing the layer 
migrates.
This is in agreement with the TEM results that confirm that the layer had moved to the 
surface (figure 5.12a). There is also a shoulder on the depth profile in the as-implanted 
condition, which disappears after the annealing process. This suggests an abrupt change in 
the iron profile in the as-implanted condition that is refined after the annealing process.
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Figure 5.14: WinDF depth profiles for 140N2 Sur in the as-implanted (a) and 
annealed (b) conditions.
5.3.1.2 l40N2Ppt
The as-deposited condition was described in section 5.2.1.2. After annealing at 900°C for 
18 hours the layer consisting of precipitates that were buried approximately 50 nm below 
the surface of the silicon surface and is shown in figure 5.15a. The precipitates were 
approximately 200 nm in diameter (figure 5.15b). The precipitates contain the internal 
structure attributed to the presence of 90° ordered domains, observed in section 4.3.1.2 in 
figure 4.15.
The microstructure also contained large amounts of dislocations. EDX analysis suggested 
that the precipitates were iron disilicide. The XRD data suggested p-FeSij was formed, as 
shown in figure 5.16. The broad peak observed at approximately 32-36 degrees is 
attributed to the contamination on the silicon substrate.
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Figure 5.15: (a) XTEM image of Fe implanted Si n-type single crystal annealing at 
900C for 18 hours, (b) XTEM image of a precipitate showing the internal streaking 
and (c) the accompanying elemental map. This sample was produced using a beam 
current of 5 mA.
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Figure 5.16: XRD data comparing the as-implanted and annealed conditions in 
140N2 Ppt.
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The WinDF model predicted the formation of a buried layer. The TEM results agreed and 
revealed the layer to consist of precipitates. The depth profile, for the as-implanted 
condition (figure 5.17a), reveals that the iron profile increases to a maximum at 
approximately half the distance of the implanted layer, after which the iron concentration 
decreased to a negligible amount.
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Figure 5.17: WinDF depth profiles for 140N2 Ppt (a) as-implanted condition and in 
the (b) annealed condition.
In the annealed condition, the iron profile was much smoother in the central portion. This 
could be attributed to the presence of the buried precipitates, observed by TEM (figure 
5.15a).
5.3.2 Iron implanted into Silicon-Germanium Layers
5.3.2.1 5.7%Ge + 1.14x10^^ Fe / cm
The as-implanted condition for this sample is described in section 5.2.2.1. The annealed 
microstructure of this sample is shown in figure 5.18a. The overlaid silicon-germanium 
layer was approximately 400 nm thick. There are buried precipitates along the middle of 
the silicon-germanium layer, approximately 200 nm from the surface. EDX analysis 
revealed the composition of the precipitates to be 32.3Fe-67.7Si, which is within the 2 at%
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error limit for P-FcSii stoichiometry. The precipitates range from approximately 150-250 
nm in length and are approximately 120 nm thick. The precipitates were both spherical 
and plate-like. The implanted layer also contains dislocations.
I Precipitates Si-G e
Figure 5.18: (a) XTEM image showing Fe implanted Si-5.7%Ge layer, fabricated on 
n-type single crystal silicon after annealing for 18 hours at 900°C (b) and the 
accompanying elemental maps.
The XRD study, shown in figure 5.19, revealed the p-FeSiz phase in both the as-implanted 
and annealed conditions.
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Figure 5.19: XRD study comparing the as-implanted and annealed conditions in Fe 
implanted Si-5.7%Ge.
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5.3.2.2 I0.7%Ge + I.I4xI&^ Fe / cm^
The annealing treatment produced buried precipitates in the silicon-germanium layer, see 
figure 5.20a. The precipitates were approximately 140 nm in diameter and buried 
approximately 200 nm from the surface. The precipitates were spherical in morphology. 
However, there were some, which had a plate-like morphology, but these were not so 
common. Electron diffraction and EDX analysis confirmed the precipitates to be P-FeSii. 
Figure 5.20b shows the selected are diffraction (SAD) on a precipitate taken along the 
[lOlJP-FeSi] zone axis. The microstructure contains dislocations. The elemental mapping 
(figure 5.20c) study suggested that the germanium was distributed throughout the 
implanted layer and appeared not to mix with either the silicon or iron.
precipitates
Si-G e layer
?O0ma
Figure 5.20: (a) XTEM image showing Fe implanted Si-10.7%Ge layer, fabricated on 
n-type single crystal silicon after annealing for 18 hours at 900°C, (b) precipitate 
diffraction pattern showing the |0 1 1 ]P-FeSi2 zone axis and (c) and the accompanying 
elemental maps.
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The XRD data, shown in figure 5.21, agrees with the SAD pattern that the precipitates, 
after annealing, were the P-FeSiz phase. The EDX analysis indicated that the regions 
around the precipitates were depleted in iron. The EDX data also strongly suggested that 
the precipitates formed after annealing were iron silicide and not a ternary compound 
incorporating the germanium.
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Figure 5.21: XRD data comparing the as-implanted and annealed conditions in Fe 
implanted Si-10.7%Ge.
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Figure 5.22: WinDF depth profiles for the (a) as-implanted and (b) annealed 
condition.
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The simulated annealing algorithm WinDF model (figure 5.22a & b) suggests that the 
germanium profile remains approximately constant. The iron and the silicon profiles 
change from the as-implanted to the annealed condition, the iron profile reaches a 
maximum and then decreases again, approximately within the implantation zone, while the 
silicon profile appears to decrease after annealing.
5.3.3 Cobalt Implanted into P-FeSi2
The results for the as-implanted condition are described in section 4.2.3.3. The annealing 
for these samples is more complicated; iron was implanted into the silicon substrate and 
annealed at 900°C for 18 hours. The cobalt was then implanted and the samples were then 
annealed for 850°C for 18 hours. After the 850°C anneal the microstructure was observed 
to consist of buried precipitates that had migrated to the surface and had increased in size 
as shown in figure 5.23a-c. The precipitates were spherical and approximately 200 nm in 
diameter or larger.
precipitates
precipitates
bulk Si 200nm
bulk Si 200)111
precipitates
Figure 5.23: XTEM images showing an 1.5 x lO'^  Fe / cm  ^ implantation followed by 
annealing at 900°C for 18 hours and cobalt implantation into (lOO)Si n-type single 
crystal after annealing at 850°C for 18 hours. Implants of (a) 2%Co (b) 5%Co and 
(c) 10®/oCo were chosen.
Metastable and Equilibrium Structures in Semiconducting Silicides 129
C h apter 5 R esults & D iscussion : Ion Beam  Synthesis
Cobalt 
(% of Fe Dose) Co (%)
Fe (at%) Si (at%) (Fe,Co)Si2
(at%)
2 2.3 28.1 69.6 30.4
5 1.4 31.1 67.5 32.5
10 1.1 31.5 67.4 32.6
Tabic 5.5: EDX compositions after Co implantation and annealing at 850°C for 18 
hours.
The results of the EDX analysis are shown in table 5.5. The results suggest that the 
implanted cobalt was included in the orthorhombic p FeSii phase after annealing. 
Electron diffraction confirmed that the precipitates formed in the 5 % Co implanted (3- 
FeSi] substrates had the orthorhombic structure of the P-FeSi; phase, shown by the 
microdiffraction pattern in figure 5.24. Since up to 10 at% cobalt can be substituted into 
the orthorhombic P-FeSiz structure this could actually be the (Fe,Co)Si2 orthorhombic 
phase, Dczsi et al (1998).
00 2 •  #
I 200
Figure 5.24: Microdiffraction pattern taken from precipitate in the 5 % Co implanted 
sample after annealing, along the [OlOiP-FeSi: zone axis.
As discussed in section 4.2.3.3, due to the closeness of cobalt and iron elements on the 
periodic table the mapping facility proved inconclusive; but there is evidence that iron 
silicide could form.
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Figure 5.25: Elemental maps showing an 1.5 x lO'^  Fe / cm  ^ implantation followed by 
annealing at 900°C for 18 hours and cobalt implantation into (lOO)Si n-type single 
crystal after annealing at 850°C for 18 hours. Implants of (a) 2%Co (b) 5%Co and 
(c) 10®/oCo were chosen.
5.3.2.1 XRD spectra
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Figure 5.26: XRD spectra showing the effect of annealing on Co implanted P-FeSiz.
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After implanting the Co into the P-FeSiz and annealing at 850°C for 18 hours, the XRD 
data (figure 5.26) suggested that the P-FeSiz phase was detected in the all Co samples.
5.4 Summary of the Ion Beam Synthesis Work
Transmission electron microscopy and X-ray diffraction was used to study the ion beam
synthesised samples produced in silicon substiates. The main conclusions are:
Iron Implanted into Silicon
1. The two beam currents produce two different microstinctures in the as- 
implanted condition, a buried polyciystalline layer (140N2 Sur) and buried 
precipitates (140N2 Ppt).
2. Annealing at 900°C for 18 hours produced two different microstructures, a 
surface layer (140N2 Sur) and buried precipitates (140N2 Ppt).
3. Election diffraction confimied the precipitates formed to be the orthorhombic 
p-FeSiz phase.
4. The precipitates contained internal streaking contrast attributed to the presence 
of 90° ordered domains.
5. XRD suggested that the P-FeSiz phase was formed in both samples and in both 
as-implanted and annealed samples.
Iron Implanted into Silicon-Geimanium Lavers
1. The implantation of Fe into silicon-5.7% and 10.7 % Ge layers produced buried 
precipitates in the as-implanted condition.
2. During annealing the precipitates giew by Ostwald ripening to minimise the
surface energy.
3. Electron diffraction confiimed the precipitates fonned after annealing in the Si-
10.7% Ge layer to be the orthorhombic P-FeSiz phase.
4. There was negligible interaction of the Ge with the p-FeSiz phase.
5. The XRD study suggested that the p-FeSis phase formed in both conditions.
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Cobalt Implanted into B-FeSi?
1. Buried precipitate layers were produced for all compositions of implanted 
cobalt,
2. Election diffraction confirmed that the orthorhombic teinaiy (Fe,Co)Si2 phase 
was formed, since up to 10 at% Co can be substituted into the p-FeSiz imit cell.
3. The XRD study suggested the p-FeSiz phase was formed in both conditions.
5.5 Discussion concerning the results of the ion beam synthesised samples
Some elements are difficult to combine due to the different chemical and physical 
properties such as ciystal structure and lattice spacings. Thus conventional deposition 
techniques, based on layer by layer giowth are unsuitable and other techniques must be 
developed. Ion beam synthesis (IBS) has been developed for this reason; in this section the 
basic mechanisms are discussed.
Generally, a buried silicide is synthesised by high dose implantation into a heated silicon 
substrate, Mantl (1992). The important process parameters are ion energy, ion dose, ion 
cuiTcnt density and substrate temperature. The single crystal Si substrate is heated to avoid 
amorphisation and allow the precipitation of the desired phase. The optimum substrate 
temperature is dependent on the beam crment density and the cornpoimd to be synthesised. 
Synthesis of silicides requires relatively small curTcnt densities in the range of 10-100 pA 
crn'^ and substrate ternperatirres of approximately 400°C. The higher the substrate 
temperature, the lower the defect density of the final structrrre. The beam current density 
affects the nucléation rate of the precipitates. The higher the ion current density, the higher 
the nucléation rate. Conversely, a higher substrate temperature can be used to counteract 
the increased nucléation rate. The depth of the implanted species in the substr ate and the 
width of the implantation profile is dependent on the ion energy. Since these two 
quantities are related they can only be varied within a specific range. The ion dose must 
not exceed a certain limit. Empirically, it has been found that the peak concentration must 
exceed half the value of the chemical composition of the stoichiometr ic compound e.g. 18 
at% Co for CoSii, Mantl (1995).
Metastable and Equilibrium Structures in Semiconducting Silicides 133
C h apter 5 R esults & D iscu ssio n : Ion  B eam  Synthesis
The implantation parameters for each of the samples studied in this thesis are given in table 
5.6 to allow comparisons to be made. The beam energy in the Co implanted p-FeSiz 
samples was the same during both the Fe and Co implantation, 180 keV. The percentage 
Co given is the percentage of the total Fe dose that is replaced with Co. The influence that 
these parameters have on the microstincture produced is discussed in section 5.5.4.
Sample Beam Energy Beam Cunent [mA] Substrate Dose[keV] Fe Implant Co Implant Temp [°C] [xlO^  ^Fe/cm^] [xlO Co/cm^]
140N2 Sur 180 2 N/A 250 2 N/A
140N2 Ppt 180 5 N/A 500 1.5 N/A
Fe implanted 
SiGe 180 6.5 N/A -575 1.14 N/A
2% Co 180 6.5 0.2 470 1.5 3
5% Co 180 5 0.35 480 1.5 7.5
10% Co 180 5 0.5 238 1.5 15
Table 5.6: Implantation parameters of the samples studied in the thesis.
5.5.1 Iron Implanted into Silicon
The 140N2 Sur and 140N2 Ppt samples demonstrate how changing the process 
parameters during ion beam synthesis changes the microstructures produced. The 140N2 
Sur sample was fabricated with a beam current of 2 inA and a dose of 2 x l0 ‘’ Fe cm'^, 
see figure 5.1a. The 140N2 Ppt sample was fabricated with a beam current of 5 mA and 
a dose of 1.5 xlO^^ Fe cm'^ giving the microstructure shown in figure 5.3a. The substrate 
temperatures reached during the implantation process were very different, the 140N2 Sur 
sample reached approximately 250°C and the 140N2 Ppt sample reached approximately 
500°C. The XRD studies confirmed the main phase formed to be the p-FeSiz in both 
samples. However, a peak corresponding to the iron monosilicide (FeSi) was detected in 
the 140N2 Sur sample.
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In the annealed condition, the siu'face layer in 140N2 Siu* and the buried discontinuous 
precipitates in 140N2 Ppt consisted of the P-FeSii phase.
Although the temperature reached during the implantation process was lower in the 140N2 
Sur sample, complete amorphisation did not occur. It has been proposed that the migiation 
of the silicide layer to the surface is facilitated by a higher concentiation of the 
implantation-induced defects in this sample [Butler et al\. This process requires a driving 
force to proceed, which is the minimisation of surface energy. However, the migration of 
the layer to the surface, as obseiwed in 140N2 Sur would require an additional 
thermodynamic driving force. The mechanism of precipitate giowth duiing the annealing 
process involves the dissolution of smaller precipitates with subsequent diffusion of iron to 
the larger precipitates. The large precipitates then act as a sink for the free iron in the 
system.
Duiing annealing migration of the layer to the surface was obsei-ved. The mechanism for 
the formation of the surface P-FeSii layer in the 140N2 Sur sample has been discussed by 
Shao and Homewood (2000). The morphology of the p-FeSiz grains (figure 5.1a) is 
consistent with the lamellar domain morphology in the p-FeSiz grains. This moiphology 
can be attributed to the low siuface energy of the (200)P~FeSi2 lattice plane. Limiting the 
bonding length to < 0.239 nm, the p-FeSiz ciystal stmcture is characterised by octahedia 
that contain one Fe atom and one Si atom at the comers. The Si-Si bond length is longer 
than the Fe-Si bond defined by the octahedia. Figure 5.27 shows the stmcture of p-FeSiz 
with the octahedra as the building units and it can be seen that the lattice exhibits a layered 
stmcture in the [lOOjp-FeSiz direction. The Si-Si bond length between the layers is > 
0.250 nm (in comparison, the Si-Si bond length in diamond Si is 0.235 nm), which 
suggests that the cohesive energy of Si-Si bonds between the layers of the p-FeSiz 
octahedia is smaller than that of the Si-Si bonds between the nearest neighbours in pure 
silicon. Tlierefore growth towards the surface will be energetically more favorable due to 
the lower cohesive energy of the Si-Si bonds in the layer. Thus, a low (200)P~FeSi2 
surface energy is expected, leading to a slower growth rate in the [lOOJp-FeSiz direction 
and a plate morphology of the p-FeSi] crystals.
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Figure 5.12a and Figure 5.15b show the presence of 90° ordered domains (OD) boundaries, 
observed also by Yang et al (1995a). These boundaries arise from the similar lengths of 
the b and c lattice axes that have different atomic arrangement along the axes. The 
boundaries between the ODs arise from the differences in adjacent domains that are 
orientated at 90° to each other, and have been discussed in section 4.5.2.2. In the ease of 
IBS P-FeSiz, Shao and Homewood (2000) suggested the Type II OR is useful in domain 
formation. Furthermore, it is interesting to notiee that such 90° ODs have not been 
observed in epitaxially grown p FeSi] grains.
lOOII
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Figure 5.27: Structure of the P-FeSiz phase shown by octahedra in different 
directions. There is a Fe atom in each octahedron, bonded to the Si atoms at the 
corners. The Fe-Si bonding length in each octahedron is below 0.24 nm, after Shao 
and Homewood (2000).
The implantation has a significant effect on the distribution of Fe atoms directly after 
implantation. For a temperature of 350°C a Gaussian like profile is obtained. For an 
implantation temperature of 550°C a square like distribution is obtained due to partial 
eoalescence occurring during implantation, Maex et al (1993).
Precipitate Coarsening has been observed in the all the ion beam synthesised samples after 
thermal annealing. The formation of a continuous layer occurs during high temperature 
annealing of the as-implanted precipitate distribution, as shown for sample 140N2 Ppt in 
figure 5.3a. The formation is driven by the minimisation of interfacial energy, based on the 
Ostwald ripening concept. The precipitates are the largest and densest at the maximum of 
the Gaussian-like implantation profile. This is essential for the evolution of a gradient of
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the solute concentiation of the metal Cs on both sides of the implantation profile towards 
the centie, since due to the Gibbs-Thomson effect the solid solubility is larger on the 
surface of a small precipitate than on the surface of a large precipitate. This effect is 
caused by the depth dependence of the Cs with a minimum at the profile centi e as is shown 
in figure 5.29.
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Figure 5.28: Schematic diagram showing the depth distribution of precipitates, spatial 
size distribution <r>(z), concentration in precipitates Cp(z), and concentration in 
solution C s  before (solid lines) and after annealing (dashed lines), after Mantl (1993).
Consequently, the annealing process at high temperatures, approximately 1000°C, leads to 
the growth of large precipitates at the centi e and dissolution of the small precipitates at the 
extremities of the implantation profile. During the later stages of the annealing process (or 
at higher metal concentrations) coalescence of the precipitates occurs, driven by interfacial 
energy, Mantl (1993). The precipitate redishibution evolving as a result of the Ostwald 
ripening process has been modelled by Reiss et al (1994) and Reiss & Heinig (1994). This 
proportionality also is valid for layer growth via precipitate coalescence.
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5.5.2 Iron Implanted into Silicon-Germaniiim Layers
In the literature there are no studies implanting iron into a silicon-germanium layer, to 
the author’s knowledge. Previous work has concentrated on implanting cobalt in silicon- 
germanium layers, for the purposes of developing various device applications. The 
objective of this part of the research was to determine if a ternary Ge-containing 
compound would be formed using the method described in section 3.2.2.2. From the 
Ge-Si equilibrium phase diagram (figure 1.17), it can be seen that the system shows 
mutual solid solubility over all compositions from 938°C at the Ge-rich side increasing 
to 1414°C at the Si-rich side. The Fe-Ge equilibrium phase diagram shows that there is 
negligible solubility of germanium in iron (figure 1.18). Alternatively there is widely 
solubility of Si in Fe, as observed in the Fe-Si equilibrium phase diagram (figure 1.10).
In both the as-implanted (section 5.2.2) and annealing (section 5.3.2) condition, the 
microstmcture is similar to the 140N2 Ppt (section 5.2.1.2) sample due to the similar beam 
cuiTent and substrate temperature during deposition. The implanted layer was bmied and 
discontinuous, consisting of ^-FeSiz precipitates. The layer consists of larger precipitates 
located at the centre of the implanted layer and smaller precipitates at the extr emities. The 
precipitates are nucleated homogeneously as described in the section 5.5.1. After 
annealing at 900°C for 18 hours, the precipitates grew larger via the Ostwald ripening 
mechanism described in section 5.5.1. The layer remained buried and discontinuous. TEM 
and XRD studies confirmed that the precipitates were P-FeSi2 and the EDX (table 5.5) 
results suggested that the regions around the precipitates were depleted in iron.
The WinDF depth profile for 10.7 %Ge layers (figure 5.22) suggested that the 
germanium concentration remained approximately constant throughout the layer, there is 
also negligible interaction from the germanium with respect to the iron or the silicon as 
shown in the elemental mapping (figure 5.20a). This also suggested that the precipitates 
formed, after annealing, are iron disilicide and not a ternaiy compound incorporating the 
iron, silicon and germanium. Therefore it can be stated that there is a greater tendency to 
form the equilibrium binary iron silicide (FeSi]) phase rather than a ternary germanium 
containing compound since there is mutual solid solubility between germanium and 
silicon. In fact in the annealed condition, the equilibrium phase diagram can give an 
indication that
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up to a temperature of 938°C at 10 at% Ge (in this work this is the maximum 
implanted) there is mutual solid solubility.
5.5.3 Cobalt Implanted into p-FeSiz
This part of the research investigated the effect of implanting an additional transition 
element to the P~FeSi2 layers. Advancement toward the development of new 
optoelecti'onic materials has focussed attention to alloys utilising silicon with the transition 
metals for the puipose of integiating sensors and the electronic circuits on the same 
microchip. For this reason the P-FeSi2 phase has proved to be an optimum candidate 
because of its ability to be mixed with one or other metallic disilicides to conti ol the energy 
gap in the whole infra-red region.
FeSi2 and CoSi2 mixed together possess a very complicated phase diagram. The stable 
form of CoSi2 is the fluorite structure, while FeSi2 is stable in the orthorhombic structure. 
In fact the orthorhombic structure can be viewed as a distorted fluorite structure, because 
of these differences in structure these disilicides exliibit very limited solubility in each 
other.
As reported in section 1.3.3, previously it has been reported by Hunt et al (1993), Hany et 
al (1995, 1996) and Dézsi et al (1998) that 10% Co of the total Fe dose could be replaced 
to fonn (Fe,Co)Si2 . Whereas Panknin et al (1993) and Wieser et al (1993) reported that 
20%Co of the Total Fe dose could be replaced to form the (Fe,Co)Si2 . In this work, 
samples were produced as described in section 3.2.2.3. Iron was implanted into silicon and 
annealed for 18 hours at 900®C to fonn p-FeSi2 . Cobalt was implanted in quantities of 
2%, 5% and 10% of the Fe dose into P~FeSi2 and annealed at 850°C for 18 hours. The 
reason for the slightly lowered annealing temperature is because cobalt has been 
determined to lower the p-FeSi2 to a-FeSia phase transition temperature, Wieser et al 
(1993). This work is in agreement with the work of Hunt et al (1993) and HaiTy et al 
(1995, 1996), EDX and XRD suggested that the precipitates formed in the as-implanted 
are the temaiy (Co, Fe)Si2 , as shown in section 5.2.3. In the annealed condition, XRD, 
EDX and electron diffi’action confirmed that the precipitates have the orthorhombic 
structure of the (Fe,Co)Si2 phase, as detailed in section 5.3.3. This work only looked at Co
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concentrations of up to 10%, therefore this work cannot confirm the work of Panknin et al 
(1993) and Wieser et al (1993).
The role of homogeneous nucléation has been discussed previously in section 5.5.1, with 
respect to the fonnation process of FeSia in ion beam synthesised layer. The stmctures 
produced using multiple-step implantation processes are not equilibrium structuies and 
therefore phase diagrams cannot be used to predict the phase that will fonn.
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Chapter 6: Results and Discussion: 
Phase Equilibria Studies in Fe-Si and 
Co-Fe-Si Alloys
6.1 Introduction
This chapter describes the results of experiments perfonned on two alloy systems, the iron- 
silicon and cobalt-iron-silicon. The alloys were manufactiued as described in section 
3.2.3. Election probe microanalysis (EPMA) and X-ray diffraction (XRD) experiments 
were used to characterise both alloy systems. All the XRD data tables can be found in 
appendixes C5 and C6.
6.2 Iron-Silicon Phase Equilibria
The XRD data for the Fe-Si binaiy alloys are presented in the appendicx C5. EPMA 
analysis of the Fe-Si alloy in the as-cast condition revealed that the overall composition 
was 39.8Fe-60.2Si. The as-cast microstructure is shown in figure 6.1a. The composition 
of the mati'ix (dark phase) was 30.5Fe-69.5Si and the second phase (light phase) SO.lFe- 
49.9Si. The elemental map in figure 6,1b shows the distribution of the iron and silicon in 
the alloy. The light phase is a tungsten-based phase attiibuted to tungsten contamination 
by the non-consumable electrode touching the melt accidentally diuing the melting 
process.
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Figure 6.1: (a) SEM image of the as-cast ingot of the 39.8Fe-60.2Si alloy, (b) The 
combined Si (green) and Fe (red) elemental map.
XRD (figure 6.2) showed that the two phases present were the low temperature (3-FeSi2 
phase and the iron monosilicide (FeSi) phase.
6000
5000
4000
S 3000
2000
(113),
(31 D m .
(0 2 5 ), ( 3 1 0 ) ,^  I
(040), .
(5 12), (333),
1000
0
20 30 40 50 60 7020
Figure 6.2: The XRD spectrum of the 39.8Fe-60.2Si binary alloy in the as-cast 
condition.
After annealing at 850°C for 24 hours, the overall alloy composition was 43.4Fe-56.6Si. 
The microstructure of the alloy is shown in figure 6.3a. The composition of the dark phase 
was 34Fe-66Si and the composition of the light phase was 50.7Fe-49.3Si.
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Figure 6.3: (a) SEM image of the 43.4Fe-56.6Si alloy after annealing at 850°C for 24 
hours and (b) the combined Si (green) and Fe (red) elemental map.
XRD (figure 6.4) showed that two phases were present, namely the low temperature 
FeSi] and the iron monosilicide.
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Figure 6.4: The XRD spectrum of the Fe-Si binary alloy after annealing at 850 for 24 
hours.
After annealing at 1000°C for 10 hours, EPMA confirmed the overall alloy composition to 
be 39.2Fe-60.8Si. The heat treated microstrueture is shown in figure 6.5a. The 
composition of the dark phase was 31.4Fe-68.6Si and the composition of the light phase 
was 50.3Fe-49.7Si.
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Figure 6. 5: (a) SEM image of the 39.2Fe-60.8Si alloy after annealing at 1000°C for 10 
hours, (b) The combined Si (green) and Fe (red) elemental map.
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Figure 6.6: The XRD spectrum of the 39.2Fe-60.8Si alloy after annealing at 1000°C 
for 10 hours.
The XRD spectrum for the alloy, after annealing at 1000°C for 10 hours, is shown in figure 
6.6. The majority of peaks are assigned to the P-FeSii phase. There are also peaks 
assigned to the iron monosilicide phase.
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Figure 6.7: The change in the XRD spectra between the as -  cast condition and after 
heat treatments at 850°C and 1000°C.
To summarise, in all conditions there were only two phases present, the low temperature 
form of the FeSii (P) and iron monosilicide (FeSi). After annealing at 1000°C for 10 hours 
the high temperature form of the FeSi] phase (a) was present. This is in agreement with 
the EPMA results that showed the presence of two phases, the dark phase that had 
approximately FeSi] stoichiometry (Fe:Si = 1:2) and the light phase that had the iron 
monosilicide stoichiometry (Fe:Si = 1:1).
6.3 Cobalt-Iron-Silicon Phase Equilibria
A series of ten alloys were made to determine the equilibrium phases in the Co-Fe-Si 
ternary system. The alloys and their compositions are shown in table 6.1. EPMA and 
XRD were used to characterise the system. The XRD data is presented at the end of the 
thesis in appendices B6. It should be noticed that not all alloys have XRD results included. 
This is because there were some erroneous peaks found in the results for alloys 2, 3, 5, 6, 9 
and 10 that were thought originate from either the sample holding set-up or the sample not 
being of a standard size. Therefore, the XRD experiments should be repeated on all the 
alloys, refer to recommendations for further work in chapter 8.
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Alloy Co (at%) Fe (at%) Si (at%)
1 16 15 69
2 12.6 66.3 21.1
3 16.8 53.6 29.6
4 20.1 17.6 62.3
5 24.9 54.8 20.3
6 37 37.3 25.7
7 44 22 34
8 64.7 9.5 25.8
9 63.9 15.1 21
10 75.3 9.8 14.9
Table 6.1: The compositions of the Co-Fe-Si alloys studied in this thesis. Analysis by 
EPMA
6.3.1 Alloy 1: 16Co-15Fe-69Si
EPMA analysis revealed that the overall composition of the alloy in the as-cast condition 
was 16Co-15Fe-69Si. The microstructure is shown in figure 6.8a. The composition of the 
matiix was 9.7Co-19.6Fe-70.7Si and of the light phase 27Co-7.8Fe-65.2Si. The matrix 
and the light phase had approximately the stoichiometry MSi]. The elemental maps, in 
figure 6.8b-e, suggest that the as-cast microstructure consisted of two main phases, the 
mati’ix (dark) Fe-base phase and a cobalt-base (light) phase. The latter exhibited a 
dendritic moiphology. The XRD study (figure 6.9) indicated the presence of both fonns of 
the FeSi] phase, namely the low teinperatiue (P) and the high temperature (a) and the 
cobalt disilicide (CoSii) phase.
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Figure 6.8: (a) SEM backscattered electron (BSE) image of alloy 1 in the as-cast 
condition, (b)-(e) elemental maps showing the distribution of the elements.
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Figure 6.9: The XRD spectrum of alloy I in the as-cast condition.
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Figure 6.11: The XRD spectrum of alloy 1 after annealing at 850°C for 24 hours.
After annealing at 900°C for 24 hours, the overall composition of the alloy was 16Co- 
15Fe-69Si. The microstructure is shown in figure 6.12a. The compositions of the matrix 
and the light phase were 9.2Co-20.8Fe-70Si and 27.3Co-6.6Fe-66.1Si respectively. The 
light phase exhibited an equiaxed morphology. There was a fine structure present, as 
observed in the previous anneal at 850°C for 24 hours. Despite being outside the 
resolution of the EMPA, the elemental maps (figure 6.12b-e) would suggest that the fine 
structure contained of cobalt and silicon. The XRD data is shown in figure 6.13, and 
indicates the presence of low-(P) and high temperature (a) forms of the iron disilicide 
phase and cobalt disilicide.
CoKh
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Figure 6.12: (a) SEM backscattercd electron (BSE) image of alloy 1 after annealing at 
900°C for 24 hours and (b)-(e) elemental maps.
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Figure 6.13: The XRD spectrum of alloy 1 after annealing at 900°C for 24 hours.
After annealing at 1000°C for 10 hours, the overall composition of the alloy was 15.6Co- 
15.8Fe-68.6S. The mierostrueture is shown in figure 6.14a. The composition of the 
matrix was 9Co-20.8Fe-70.2Si and of the light phase 24.8Co-8.7Fe-66.5Si. The higher 
temperature anneal had caused coarsening of the light phase. The XRD data in figure 6.15
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and suggests the presence of the low temperature P-FeSii, the high temperature disilicide 
phase, a-FeSii phases and the CoS^ phase.
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Figure 6.14: (a) SEM backscattered electron (BSE) image of alloy 1 after annealing at 
1000°C for 10 hours and (b)-(e) elemental maps.
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Figure 6.15: The XRD spectrum of alloy 1 after annealing at 1000°C for 10 hours.
6.3.2 Alloy 2: 12.6Co-66.3Fe-21.1Si
The ingots of this alloy were extremely brittle. During the preparation of metallographie 
specimens of this alloy, and other alloys in this series, it proved difficult to remove all 
scratches. EPMA confirmed that in the as-east condition the composition of alloy 2 was 
12.6Co-66.3Fe-21.1Si. The mierostrueture is shown in figure 6.16a. The mierostrueture 
consisted of very large grains, approximately 300 pm.
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Figure 6.16: (a) SEM backscattered electron (BSE) image of alloy 2 in the as-cast and 
(b)-(e) related elemental maps.
After annealing at 850°C for 24 hours, the composition of alloy 2 was 12.6Co-66.3Fe- 
21.1 Si. The mierostrueture is shown in figure 6.17.
Figure 6.17: SEM backscattered electron (BSE) image of alloy 2 after annealing at 
850°C for 24 hours.
After annealing at 900°C for 24 hours the overall alloy composition was 12.7Co-66.1Fe-
21.2Si. The mierostrueture is shown in figure 6.18.
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Figure 6.18: SEM backscattered electron (BSE) image of alloy 2 after annealing at 
900°C for 24 hrs.
After annealing at 1000°C for 10 hours, the overall composition of the alloy was 12.7Co- 
66.3Fe-21Si. The mierostrueture is shown in figure 6.19. The grain size was 
approximately 300 mm. This would suggest that the annealing treatment had a negligible 
effect on grain size.
Figure 6.19: SEM backscattered electron (BSE) image of alloy 2 after annealing at 
1000°C for 10 hours.
The XRD data for the alloy was found to be erroneous and therefore it is recommended 
that the experiments should be repeated, refer to recommendation for further work in 
chapter 8.
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6.3.3 Alloy 3: 16.8Co-53.6Fe-29.6Si
EPMA confirmed that in the as-east condition the composition of alloy 3 was I6 .8 C0 -  
53.6Fe-29.6Si. The mierostrueture is shown in figure 6.20a. The elemental maps (figure 
2 0 b-e) show no differences in the concentrations of cobalt, iron or silicon.
CqMi.lS
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Figure 6.20: (a) SEM backscattered electron (BSE) image of alloy 3 in the as-cast 
condition, (b)-(e) elemental maps.
After annealing at 850°C for 24 hours, the overall composition of alloy 3 was 17.1 Co- 
53.2Fe-29.7Si. The mierostrueture had changed significantly, as shown in figure 6.21a. 
There were large iron-rich grains formed with segregation of cobalt and silicon to the grain 
boundaries. The composition of the phase at the grain boundaries and in the bulk of the 
grains was 24Co-27.5Fe-48.5Si and of the matrix 16.3Co-56.8Fe-26.9Si respectively.
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Figure 6.21: (a) SEM backscattered electron (BSE) image of alloy 3 after annealing at 
850°C for 24 hours (b)-(e) elemental maps.
After annealing at 900°C for 24 hours, the average composition of the alloy was 17Co- 
53.5Fe-29.5Si. The mierostrueture is shown in figure 6.22a. The compositions of the 
precipitates at the grain boundaries and in the bulk of the grain were 23Co-28.8Fe-48.2Si 
and of the matrix 17Co-54.5Fe-28.5Si.
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Figure 6.22: (a) SEM backscattered electron (BSE) image of alloy 3 after annealing at 
900°C for 24 hours (b)-(e) elemental maps.
After annealing at 1000°C for 10 hours, the average composition of the alloy was 16.7Co- 
54Fe-29.3Si. The mierostrueture is shown in figure 6.23a. The compositions of the matrix 
and the grain boundary phase were 16.7Co-54.5Fe-28.8Si and 46.6Co-21.8Fe-31.6Si, 
respectively. There are also precipitates within the matrix that have the same composition 
as the grain boundary phase. At this higher annealing temperature, the mierostrueture has 
coarsened. The elemental maps (figure 6.23b-e) suggested that the matrix was rich in iron 
and the grain boundary phase and bulk precipitates were rich in cobalt and silicon.
CcK 55
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Figure 6.23: (a) SEM backscattered electron (BSE) image of alloy 3 after annealing at 
1000°C for 10 hours (b)-(e) elemental maps.
6.3.4 Alloy 4: 20.lCo-17.6Fe-62.3Si
EPMA confirmed that in the as-cast condition the composition of alloy 4 was 20.1 Co- 
17.6Fe-62.3Si. The mierostrueture is shown in figure 6.24a. The compositions of the 
matrix, light phase and dark phase were respectively 9.7Co-20.5Fe-69.8Si, 26.9Co- 
23.7Fe-49.4Si and 27.6Co-7.6Fe-64.8Si. The elemental maps, figure 6.24b-e, suggest 
that the matrix was FeSi? and that the dark phase was CoSi%. The XRD data, shown in 
figure 6.25, suggested the presence of the low temperature P-FeSiz phase and the 
monosilicide FeSi and CoSi phases.
C oK b.32
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Figure 6.24: (a) SEM backscattered electron (BSE) image of alloy 4 in the as-cast 
condition and (b)-(e) the accompanying elemental maps.
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Figure 6.25: XRD spectrum of the alloy 4 in the as-cast condition.
After annealing at 850°C for 24 hours, EPMA confirmed the overall composition to be 
20.3Co-17.7Fe-62Si. The mierostrueture is shown in figure 6.26a. The composition of 
the matrix was 10.1 Co-20.9Fe-69Si. The compositions of the light phase and the dark 
phase were 26.7Co-24Fe-49.3Si and 27Co-7.2Fe-65.8Si, respectively. The elemental
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maps (figure 6.26b-c) suggest that the matrix was FeSi? and the dark grains were CoSi]. 
The XRD study (figure 6.27) revealed the presence of the low temperature p-FeSiz phase 
and monosilicide CoSi and FeSi phases.
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Figure 6.26: (a) SEM backscattered electron (BSE) image of alloy 4 after annealing at 
850°C for 24 hours and (b)-(e) the elemental maps.
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Figure 6.27: XRD spectrum of alloy 4 after annealing at 850°C for 24 hours.
After annealing at 900°C for 24 hours, EPMA eonfirmed the overall eomposition to be 
20.1Co-17.5Fe-62.4Si. The mierostrueture is shown in figure 6.28a. The composition of 
the matrix, light phase and dark phase were 10.3Co-20.6Fe-69.1Si, 26.8Co-23.5Fe-49.7Si 
and 26.5Co-7.5Fe-66Si, respectively. The elemental maps (figure 28b-e) would suggest 
that the matrix was FeSiz with the dark phase was CoSiz. The XRD study is shown in 
figure 6.29 and suggested the presence of the low temperature (3-FeSiz. There were also 
peaks detected that were indexed to the monosilicide CoSi and FeSi phases.
CoKb. 35
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Figure 6.28: (a) SEM backscattered electron (BSE) image of alloy 4 after annealing at 
900°C for 24 hours and (b)-(e) the elemental maps.
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Figure 6.29: XRD spectrum of alloy 4 after annealing at 900°C for 24 hours.
After annealing at 1000°C for 10 hours, EPMA confirmed the overall composition to be 
20.1Co-17.6Fe-62.3Si. The mierostrueture is shown in figure 6.30a. The compositions of
Metastable and Equilibrium Structures in Semiconducting Silicides 162
Chapter 6 Results & Discussion: Phase equilibria studies o f  Fe-Si & C o-F e-S i alloys
the matrix, light phase and dark phase respectively 10.9Co-20Fe-69.1Si, 26.4Co-23.6Fe- 
50Si and 26.9Co-7.2Fe-65.9Si. At this higher annealing temperature, the mierostrueture 
had undergone coarsening. The elemental maps, shown in figure 30b-e, suggest that the 
matrix consisted of FeSi: and the dark grains consist of CoSi:. The XRD study in figure 
6.31 suggested the presence of the low temperature P-FeSi: and the high temperature 
morphology, a-FeSi2.There were other peaks detected that were indexed to the iron 
monosilicides (FeSi) phase.
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Figure 6.30: (a) SEM backscattered electron (BSE) image of alloy 4 after annealing at 
1000°C for 10 hours and (b)-(e) the accompanying elemental maps.
Metastable and Equilibrium Structures in Semiconducting Silicides 163
Chapter 6 Results & Discussion: Phase equilibria studies o f  Fe-Si & C o-F e-Si alloys
1800
1600
1400
1200
(002),
•r 1000 (114),
(132),
600
(1 15),400
200
30 7040 50 6020 20
Figure 6.31: XRD spectrum of alloy 4 after annealing at 1000°C for 10 hours.
6.3.5 Alloy 5: 24.9Co-54.8Fe-20.3Si
EPMA confirmed that, in the as-cast condition, the overall eomposition of alloy 5 was 
24.9Co-54.8Fe-20.3Si. The mierostrueture is shown in figure 6.32a. The composition of 
the matrix was approximately 24.8Co-55.2Fe-20Si and the grain size was approximately 
500 pm. The elemental maps (figure 6.32b-e) suggested a uniform composition across all 
the grains.
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Figure 6.32: (a) SEM backscattered electron (BSE) image of alloy 5 in the as-cast 
condition and (b)-(e) the accompanying elemental maps.
After annealing at 850°C for 24 hours, the overall alloy composition was 24.9Co-55.1Fe- 
20Si. The mierostrueture is shown in figure 6.33. The composition of the matrix was 
approximately 24.7Co-55.1Fe-20.2Si. This heat treatment had produced very large grains 
with a uniform composition, similar to the elemental maps shown in figure 6.32b-e.
Figure 6.33: (a) SEM backscattered electron (BSE) image of alloy 5 after annealing at 
850°C for 24 hours.
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After annealing at 900°C for 24 hours, the overall alloy eomposition was 23Co-54.4Fe- 
22.6Si. The mierostrueture is shown in figure 6.34. The composition of the matrix was 
24.lCo-55.4Fe-20.5Si. The grains size is very large and the elemental maps (similar to 
those shown in figure 6.32b-e) suggested that there were no signifieant compositional 
changes across the grain boundaries.
Figure 6.34: SEM backscattered electron (BSE) image of alloy 5 after annealing at 
900°C for 24 hours.
After annealing at 1000°C for 10 hours, the overall alloy composition was 24.8Co-55Fe-
20.2Si. The mierostrueture is shown in figure 6.35. The alloy eonsisted of very large 
grains with size larger than 400 pm. The composition of the grains was 24.8Co-54.8Fe-
20.4Si,
Figure 6.35: SEM backscattered electron (BSE) image of alloy 5 after annealing at 
1000°C for 10 hours.
Metastable and Equilibrium Structures in Semiconducting Silicides 166
Chapter 6 Results & Discussion: Phase equilibria studies o f  Fe-Si & C o-F e-S i alloys
The XRD data for the alloy was found to be erroneous and therefore it is recommended 
that the experiments should be repeated, refer the recommendation for further work in 
ehapter 8.
6.3.6 Alloy 6: 37Co-37.3Fe-25.7Si
In the as-east eondition the overall alloy composition was 37Co-37.3Fe-25.7Si. The 
mierostrueture is shown in figure 6.36a. The composition of the grains was 36.5Co- 
38.4Fe-25.1Si and the composition of the phase present on the grain boundaries 46.9Co- 
21 Fe-32.1Si. The alloy had a large grain size. The elemental maps (figure 6.368b-e) 
suggest that the grain boundaries were rich in cobalt and silicon and the grains rich in both 
cobalt and iron.
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Figure 6.36: (a) SEM backscattered electron (BSE) image of alloy 6 in the as-cast 
condition and (b)-(e) the elemental maps.
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After annealing at 850°C for 24 hours, the overall alloy composition was 37.9Co-37.1Fe- 
25S. The mierostrueture is shown in figure 6.37a. The grains were very large and their 
composition was 36.6Co-38.9Fe-24.5Si. The composition of the grain boundaries phase 
was 47Co-21.3Fe-31.7Si. The precipitates were approximately 10 pm long and 5 pm 
wide. They appeared to be precipitate free zones near the grain boundaries. The elemental 
maps would suggest that the grain boundaries were rich in cobalt and silicon, whereas the 
grains were rich in cobalt and iron.
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Figure 6.37: (a) SEM backscattered electron (BSE) image of alloy 6 after annealing at 
850°C for 24 hours and (b)-(e) the elemental maps.
After annealing at 900°C for 24 hours, the overall alloy composition was 37.4Co-37.1Fe-
25.5Si. The mierostrueture is shown in figure 6.38a. The composition of the matrix was 
36.4Co-38.6Fe-25Si. The composition of the grain boundary phase was 39.9Co-22.4Fe-
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37.7Si, while the composition of the precipitates in the bulk of grains was 46.2Co-21.8Fe- 
32Si. Probably, the precipitates and grain boundaries are the same phase, but due to the 
small scale of the precipitates the compositional analysis should be treated with care. 
Precipitate free zones were also observed in this alloy. The elemental maps, shown in 
figure 6.38b-e, suggest that the matrix is rich in iron and the grain boundary phase is rich 
in cobalt and silicon.
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Figure 6.38: (a) SEM backscattered electron (BSE) image of alloy 6 after annealing at 
900°C for 24 hrs and (b)-(e) the accompanying elemental maps.
After annealing at 1000°C for 10 hours, the overall alloy composition was 37.2Co-37.3Fe-
25.5Si. The mierostrueture is shown in figure 6.39a. The composition of the grains was 
37.5Co-37.6Fe-24.9Si. The elemental maps in figure 6.39b-e suggested that there was an 
approximately uniform distribution of the elements throughout the alloy. However, XRD 
suggested the presence of more phases.
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Figure 6.39: (a) SEM backscattered electron (BSE) image of alloy 6 after annealing at 
1000°C for 10 hours and (b)-(e) the elemental maps.
The XRD data for the alloy was found to be erroneous and therefore it is recommended 
that the experiments should be repeated, refer the recommendation for further work in 
chapter 8.
6.3.7 Alloy 7: 44Co-22Fe-34Si
EPMA confirmed that in the as-cast condition the overall alloy composition was 44Co- 
22Fe-34Si. The mierostrueture is shown in figure 6.40. The composition of the grains was 
44.4Co-23.3Fe-32.3Si and the grain boundary phase was 40.8Co-l 1.5Fe-47.7Si. The 
grain size was approximately 60 pm and there were precipitate free zones near the grain 
boundaries.
Metastable and Equilibrium Structures in Semiconducting Silicides 170
Chapter 6 Results & Discussion: Phase equilibria studies o f  Fe-Si & C o-F e-Si alloys
C o K b .45
S K a 267IoK a. 11B
F eK a.S K a.C oK b
Figure 6.40: (a) SEM backscattered electron (BSE) image of alloy 7 in the as-cast 
condition and (b)-(e) the accompanying elemental maps.
The elemental maps, shown in figure 6.40b-e, suggested that the matrix was rich in iron 
and the grain boundary phase was rich in silicon. Also it appears that both phases were 
rich in cobalt. The XRD data (figure 6.41) suggested the presence of the metal-rich CoiSi 
and Fe^Si silicide phases and the monosilicide CoSi phase.
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Figure 6.41: XRD spectrum of alloy 7 in the as-cast condition.
After annealing at 850°C for 24 hours, EPMA confirmed that the overall alloy eomposition 
was 44Co-22Fe-34Si. The mierostrueture is shown in figure 6.42a. The eomposition of 
the grains and the grain boundary phase was respectively 44.8Co-22.7Fe-32.5Si and 
41.1Co-l lFe-47.9Si. The XRD data, shown in figure 6.43, suggested the presence of the 
metal-rich CoiSi and Fc2Si silicide phases and the monosilicide CoSi and FeSi phases.
CoKb. 38
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Figure 6.42: (a) SEM backscattered electron (BSE) image of alloy 7 after annealing at 
850°C for 24 hrs and (b)-(e) the accompanying elemental maps.
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Figure 6.43: XRD spectrum of alloy 7 after annealing at 850°C for 24 hours.
After annealing at 900°C for 24 hrs, EPMA confirmed that the overall alloy composition 
was 43.9Co-22.1Fe-34Si. The mierostrueture is shown in figure 6.44a. The compositions 
of the grains and the grain boundary phase were 44.7Co-23.3Fe-32Si and 40.8Co-l 1.3Fe- 
47.9Si respectively. The elemental maps (figure 6.44b-e) suggest that the grain boundary 
phase were rich in cobalt and silicon, whereas the grains were rich in cobalt and iron. XRD 
(figure 6.45) suggested the presence of the metal-rich silicide CoiSi and the monosilicide 
CoSi phases.
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Figure 6.44: (a) SEM backscattcred electron (BSE) image of alloy 7 after annealing at 
900°C for 24 hours and (b)-(e) the accompanying elemental maps.
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Figure 6.45: XRD spectrum of alloy 7 after annealing at 900°C for 24 hours.
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After annealing at 1000°C for 10 hours, EPMA confirmed the overall alloy composition 
was 44.lCo-21.7Fe-34.2Si. The microstructure is shown in figure 6.46a. The 
compositions of the grains and the grain boundary phase were respectively 44.3Co- 
22.lFe-33.6Si and 40.8Co-l 1.5Fe-47.7Si. Using this heat treatment the fine structure, 
observed in the previous three samples, was finally annealed out. The elemental maps 
suggest that the grain boundary phase were rich in cobalt and silicon, whereas the grains 
were rich in cobalt and iron, as shown in figure 6.46b-e. The XRD data, shown in figure 
6.47, suggested the presence of the metal-rich silicides Co^Si and Fe:Si phases and the 
monosilicidc CoSi phase.
I
SiCa. 201
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Figure 6.46: (a) SEM backscattered electron (BSE) image of alloy 7 after annealing at 
1000°C for 10 hours and (b)-(e) the accompanying elemental maps.
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Figure 6.47: XRD spectrum of alloy 7 after annealing at 1000°C for 10 hours.
6.3.8 Alloy 8: 64.7Co-9.5Fe-25.8Si
EPMA confirmed that in the as-cast condition the overall alloy composition of alloy 8 was 
64.7Co-9.5Fe-25.8Si. The mierostrueture is shown in figure 6.48a and there appears to be 
three phases that will be referred to as black, grey and white. The compositions of the 
phases were 63.9Co-5.3Fe-30.8Si, 61.7Co-17.3Fe-21Si, and 70.7Co-8.5Fe-20.8Si 
respectively. The elemental maps shown in figures 6.48b-e suggest that the black phase is 
rich in cobalt and silicon, the grey phase rich in iron and silicon and the white phase was 
rich in cobalt. The XRD data, shown in figure 6.49, suggests the presenee of the metal- 
rich CoiSi and Fc2Si silicide phases.
CoKb. 43
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Figure 6.48: (a) SEM backscattered electron (BSE) image of alloy 8 in the as-cast 
condition and (b)-(e) and the accompanying elemental maps.
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Figure 6.49: XRD spectrum of alloy 8 in the as-cast condition.
After annealing at 850°C for 24 hours, the overall alloy composition was 65.lCo-9.5Fe-
25.4Si. The microstructure is shown in figure 6.50a. The compositions of the light and the 
dark phases were 64.5Co-15.2Fe-20.3Si and 65.2Co-4Fe-30.8Si, respectively. The 
composition of the precipitates on the grain boundaries was 70.9Co-8.4Fe-20.7Si and of
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those within the grain was 72.2Co-13.7Fe-14.1Si. The complexity of the as-cast 
microstructure has reduced, the light phase had grown considerably and were rich in iron 
and cobalt, whereas the dark phase has formed large spherical grains and was rich in cobalt 
and silicon. XRD data (figure 6.51) showed the presence of the metal-rich Co2 Si and 
Fc2Si silicide phases.
FaK.SiK.CaK
Figure 6.50: (a) SEM backscattered electron (BSE) image of alloy 8 after annealing at 
850°C for 24 hours and (b)-(e) the accompanying elemental maps.
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Figure 6.51: XRD spectrum of alloy 8 after annealing at 850°C for 24 hours.
After annealing at 900°C for 24 hours, EPMA eonfirmed that the overall alloy eomposition 
was 64.8Co-9.6Fe-25.6Si. The alloy mierostrueture is shown in figure 6.52a. The 
composition of the light and dark phase was 63.1Co-16.9Fe-20Si and 65.1Co-^.2Fe- 
30.7Si, respectively. The composition of the small precipitates at phase boundaries was 
72.9Co-15.1Fe-12Si. The elemental maps (figure 6.52b-e) suggested the light phase was 
rich in silicon and cobalt and the dark phase was rich in cobalt and silicon. The XRD data, 
shown in figure 6.53, showed the presence of metal rich, CoiSi and FciSi silicide phases.
CoKb, 43
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Figure 6.52: (a) SEM backscattered electron (BSE) image o f alloy 8 after annealing at 
900°C for 24 hours and (b)-(e) the accom panying elemental maps.
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Figure 6.53: XRD spectrum of alloy 8 after annealing at 900°C for 24 hours.
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Figure 6.54: (a) SEM backscattered electron (BSE) image of alloy 8 after annealing at 
1000°C for 10 hours and (b)-(e) the accompanying elemental maps.
After annealing at 1000°C for 10 hrs, EPMA confirmed that the overall alloy composition 
was 64.7Co-9.5Fe-25.8Si. The mierostrueture is shown in figure 6.54a. The eomposition 
of the light phase was 65.lCo-13.4Fe-21.5Si and the dark phase was 65.3Co-4.3Fe-
30.4Si. The elemental maps, shown in figure 6.54b-e, suggested that the light phase was 
rich in iron and cobalt, whereas the dark phase was rich in cobalt and silicon. XRD, see 
figure 6.55, eonfirmed the presenee of the metal-rieh silicides CoiSi and FciSi.
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Figure 6.55: XRD spectrum of alloy 8 after annealing at 1000°C for 10 hours.
6.3.9 Alloy 9: 63.9Co-15.1Fc-21Si
EPMA confirmed that in the as-cast condition the composition of alloy 9 was 63.9Co- 
15.1Fe-21Si. The as-cast mierostrueture is shown in figure 6.56a. The mierostrueture 
consisted of large cobalt-rich grains separated by cobalt-rich grain boundaries. The 
composition of the matrix was 64Co-15.2Fe-20.8Si and the composition of the grain 
boundary phase was 70.7Co-16Fe-13.3Si. This is in agreement with the elemental maps, 
shown in figure 6.56b-e.
C o K b ,51
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Figure 6.56: (a) SEM backscattered electron (BSE) image of alloy 9 in the as-east 
condition and (b)-(e) the accompanying elemental maps.
After annealing at 850°C for 24 hours, EPMA confirmed the overall alloy composition to 
be 63.5Co-15.3Fe-21.2Si. The mierostrueture is shown in figure 6.57a. The composition 
of the matrix was 62.1 Co-17.8Fe-20.1 Si and the composition of the grain boundary phase 
was 7 2 .IC 0 - 1 1.4Fe-16.5Si. The grain size was very large, and the grains contained fine 
precipitates with precipitate free zones on either side of the grain boundaries.
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Figure 6.57: (a) SEM backscattered electron (BSE) Image of alloy 9 after annealing at 
850°C for 24 hours and (b)-(e) the accompanying elemental maps.
After annealing at 900°C for 24 hours, the overall alloy composition was 63.8Co-15.3Fe-
20.9Si. The mierostrueture is shown in figure 6.58a. The composition of the matrix was 
63.8Co-15.7Fe-20.5Si and the composition of the grain boundary phase was 64.9Co- 
3.9Fe-31.2Si. The fine precipitates observed in the previous annealing treatment, are not 
seen, instead larger precipitates are seen inside the grains. The elemental maps suggest that 
the matrix was rich in cobalt and silicon, while the grain boundary phase was rich in cobalt 
and iron.
CoKb 36
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Figure 6.58: (a) SEM backscattered electron (BSE) image of alloy 9 after annealing at 
900°C for 24 hours and (b)-(e) the accompanying elemental maps.
After annealing at 1000°C for 10 hours, the overall alloy composition was 63.7Co-15.3Fe- 
21 Si. The mierostrueture, which is shown in figure 6.59a was almost featureless, the 
elemental maps suggest that there was no significant changes in the elemental distribution 
within the alloy.
SiK. 101CoKb. 39
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Figure 6.59: (a) SEM backscattered electron (BSE) image of alloy 9 after annealing at 
1000°C for 10 hours and (b)-(e) the accompanying elemental maps.
The XRD data for the alloy was found to be erroneous and therefore it is recommended 
that the experiments should be repeated, refer the recommendation for further work in 
chapter 8.
6.3.10 Alloy 10: 75.3Co-9.8Fe-14.9Si
In the as-cast condition the composition of alloy 10 was 75.3Co-9.8Fe-14.9Si. The as- 
cast mierostrueture is shown in figure 6.60a. The composition of the light phase was 
77.6Co-10.4Fe-12Si and the matrix composition was 70.4Co-6.9Fe-22.7Si. The 
mierostrueture was dendritic in morphology.
CoK b. 42
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Figure 6.60: (a) SEM backscattered electron (BSE) image of alloy 10 in the as-cast 
condition and (b)-(e) the accompanying elemental maps.
After annealing at 850°C for 24 hours, the overall alloy composition was 75.7Co-9.4Pe-
14.9Si. The mierostrueture is shown in figure 6.61a. The composition of the light phase 
was 78.4Co-10.5Fe-l 1.1 Si and of the matrix 70.5Co-6.5Fe-23Si. The mierostrueture was 
still dendritic in morphology. The elemental maps suggest that the dendrites were rich in 
iron and the interdendritic regions were rich in silicon.
CoKb, 49
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Figure 6.61: (a) SEM backscattered electron (BSE) image of alloy 10 after annealing 
at 850°C for 24 hours and (b)-(e) the accompanying elemental maps.
After annealing at 900°C for 24 hours, the overall alloy composition was 75.6Co-9.6Fe- 
14.8Si. The mierostrueture, which is shown in figure 6.62a was still dendritic in 
morphology. The composition of the light phase and the matrix were 76.9Co-10.5Fe- 
12.6Si and 72.2Co-7.1Fe-20.7Si, respectively.
CoKb. 45
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Figure 6.62: (a) SEM backscattered electron (BSE) image of alloy 10 after annealing 
at 900°C for 24 hours and (b)-(e) the accompanying elemental maps.
After annealing at 1000°C for 10 hours, the overall alloy composition was 75.4Co-9.6Fe- 
15Si. The mierostrueture is shown in figure 6. 36a. The compositions of the light phase 
and the matrix were respectively 75.8Co-9.7Fe-14.5Si and 66.3Co-2.9Fe-30.8Si. The 
mierostrueture was still dendritic, but the dendrite arms had grown significantly at this 
higher annealing temperature compared to the other annealing treatments.
CoKb. 47
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Figure 6.63: (a) SEM backscattered electron (BSE) image of alloy 10 after annealing 
at 1000°C for 10 hours and (b)-(e) the accompanying elemental maps
The XRD data for the alloy was found to be erroneous and therefore it is recommended 
that the experiments should be repeated, refer the recommendation for further work in 
chapter 8.
6.3.11 Projected Co-Fe-Si ternary phase diagram surfaces
By the use of tie lines, the compositional information presented in the previous sections can 
be linked together. Figure 6.64a-c are presented in this way and are the basis for 
isothermal sections at 850°C, 900°C and 1000°C to be constructed. The isothermal 850°C 
surface is not at equilibrium because the points for alloys 8 (filled star) and 9 (unfilled 
triangle) appears to form two three-phase regions, this cannot occur since a three-phase 
region should be separated by a two-phase regions, figure (6.64a). The 900°C isothermal 
surface is almost at equilibrium, but not quite, as illustrated by compositional points for 
alloy 5 (black square) that suggests a two-phase region. However, the 1000°C isothermal 
surface suggests that alloy 5 is a single-phase region and that alloy 8 and 9 are two-phase 
region.
Metastable and Equilibrium Structures in Semiconducting Silicides 190
Chapter 6 Results (Sc Discussion: Phase equilibria studies o f  F e-Si & C o-F e-Si alloys
Annealing the alloys for 24 hours at 850°C was insufficient to achieve equilibrium. 
Therefore this heat treatment should be repeated using much longer times, see 
recommendations for future work in chapter 8. It can be assumed that there shouldn’t a 
significant difference between the 850°C and 900°C surfaces, when they are both at 
equilibrium. In section 6.4.2.1 the isothermal surfaces for the 900°C and 1000°C are 
presented.
(a) Annealed at 
850°C for 24 hours
(b) Annealed at 
900°C for 24 hours
+ A lloy 1 
X  A lloy 2 
K A lloy 3 
▼ A lloy 4 
■ A lloy 5
♦  A lloy 6
•  A lloy 7 
»  A lloy 8 
^  A lloy 9 
O A lloy 10
+ A lloy 1 
X  A lloy 2 
K A lloy 3 
▼ A lloy 4 
■ A lloy 5
♦  A lloy 6
•  A lloy 7
*  A lloy 8 
A A lloy 9
Co □ A lloy 10
Metastable and Equilibrium Structures in Semiconducting Silicides 191
Chapter 6 Results & Discussion: Phase equilibria studies o f  Fe-Si t& C o-F e-Si alloys
(c) Annealed at 
1000°C for 10 hours
+ A lloy 1 
X  A lloy 2 
A A lloy 3 
▼ A lloy 4 
■ A lloy 5
♦  A lloy 6
•  A lloy 7 
»  A lloy 8 
Û A lloy 9
Co □ A lloy 10
Figure 6.64: Projections of the (a) 850°C, (b) 900°C (annealed for 24 hours) and (c) 
1000°C (annealed for 10 hours) isothermal sections, based of the experimental data. 
The compositions of each alloy are linked by a red tie line, unless otherwise explained.
6.4 Discussion of the results for the phase equilibria in Fe-Si and Co-Fe- 
Si alloys
6.4.1 Iron-Silicon Binary Alloy
This alloy system is well studied and the iron-silicon equilibrium phase diagram is shown 
in figure 1.10. The as-cast alloy composition was 39.8Fe-60.2Si (at%). From the phase 
diagram, it can be seen that this alloy composition is in the middle of the e-FeSi + P-FeSi] 
phase field. Table 6.2 summarises the compositions of the alloys in the as-cast and 
annealed
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Element As-Cast Compositions
Overall Phase Mafrix
Iron (at%) 39.8 30.5 50.1
Silicon (at%) 60.2 69.5 49.9
Annealed Compositions
Element 850°C for 24 lOurs
Overall Phase Matrix
Iron (at%) 40.67 50.31 30.67
Silicon (at%) 59.33 49.69 69.33
Element 1000°C for 10 hours
Overall Phase Matiix
Iron (at%) 39.2 31.4 50.3
Silicon (at%) 60.8 68.6 49.7
Table 6.2: Summary of the compositions of the binary Fe-Si alloy in the as-cast and 
annealed conditions.
On cooling fi’om the melt, the a-FeSii gi*ains were formed from the liquid and then 
transformed to the p~FeSi2 phase at 938°C, After annealing at 850°C for 24 hours the 
alloy consisted of a matiix of the P-FeSi] stoichiometiy and a second phase of the iron 
monosilicide (FeSi) stoichiometry. Whereas annealing at a temperature of 1000°C for 10 
hours produced an alloy consisted of a FeSi matrix and a second phase of the a-FeSia. 
This is predicted by the phase diagiam. The Fe-Si binary system has been thoroughly 
investigated in the past and therefore it will not be discussed further in this work.
6.4.2 Cobalt-Iron-Silicon Ternary Alloy
The phase diagram of this ternary system is not well understood. To the author’s 
knowledge, very few studies have been conducted on this ternaiy system, previously.
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However, Raynor & Rivlin (1998) did a comprehensive study of this system. In this work 
ten Co-Fe-Si alloys were produced as detailed in section 3.2.4. Using the compositional 
data obtained for the ten Co-Fe-Si alloys by EPMA and detailed in section 6.3 two 
isothermal sections of the Co-Fe-Si ternary phase diagram at 900°C and 1000°C could be 
produced. The compositional data for the heat tieatment at 850°C for 24 hours was 
determined to be not representative of equilibrium. The annealing time at this temperature 
was insufficient for equilibrium to be reached.
6.4.2,1 Co-Fe-Si Ternary Phase Diagram
Using the experimental data obtained from the Co-Fe-Si ternaiy alloys, which was 
presented in this section, isotheimal sections at 900°C and 1000°C of the ternary phase 
diagram were developed. The dashed lines on the phase diagiams are unconfirmed phase 
field boundaries, requiring further experimental evidence to confiim the phases present.
At compositions above the Fe and Co monosilicide line, alloy 4 indicates a three phase 
region (upside down triangles) that shows the position of Fe and Co disilicide phases. The 
900°C isothermal section (figure 6.65) shows the low temperature p-FeSii phase at 
approximately 69 at% Si and the CoSiz phase at approximately 67 at% Si. At this 
temperature, approximately 10 at% Co is soluble in the p-FeSii phase, while only 
approximately 7 at% Fe is soluble CoSii phase. The 1000°C isothennal section (flguie 
6.66) shows the appearance of the high temperature a-FeSii phase at approximately 70-73 
at% Si. The CoSi% phase is still present at approximately 67 at% Si, the composition is 
unchanged from that shown in the 900°C isothermal section. This is because the CoSii 
phase is a congiuent line compound seen in the Co-Si binaiy phase diagram, see figure 
1.11. The solubility of Co in a-FeSÎ2 is 11 at% Co, while the solubility of Fe in CoSi2 is 8 
at% Co.
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Figure 6.65; Co-Fe-Si isothermal section at 900°C.
Zelenin et al (1965) indicated a maximum solid solubility of approximately 14 at% Co in 
FeSii at 1190°C. This work gave solid solubilities of 11 at% Co and 10 at% Co in p-FeSiz 
at 1000°C and 900°C, respectively. Raynor & Rivlin (1998) obtained a value of
approximately 7 at% Co at 800°C. This value is in agreement with Fedorova &
Gladyshevskii (1975) who obtained their data by annealing up to 6 months. The 
inteiplanar spacing of the FeSia phase does not change significantly as Co is substituted for 
Fe. At 0 at% Co the a and c lattice parameters for the tetragonal a-FeSi2 phase are 0.2691 
and 0.5135 nrn respectively. After substituting 13.5 at% Co the lattice parameters are
0.2689 and 0.5135nrn, Raynor & Rivlin (1998). At lOOO^C the solid solubility of Fe in 
CoSi2 is 8 at% Fe, while at 900°C the solubility decreases to 7 at% Fe. There is agreement 
in the literature that the solubility of Co in FeSi2 is relatively limited and that of Fe in 
CoSi2 is even more limited.
On the Fe-Co side of the 900°C isothermal section (figure 6.65), the data for alloys 5, 6, 8 
and 10 indicated the boundary of the single phase bee solid solution region. On the Fe-Si
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a-FeSi
side, the FeSi compound is observed and extends across to the Co-Si side where the CoSi 
is observed. The FegSig phase is indicated on the isothermal section by the dashed line, 
since this phase is seen in the binary Fe-Si phase diagram (figure 1.10) designated by t) 
although no experimental evidence was obtained for the presence of this compound at 
900°C or the 1000°C isothermal section (figure 6.66). There is a metastable compound 
present in the 900°C isothermal section at approximately 28-30 at% Si.
+ Alloy 1 Overall Comp 
+ Alloy 1 Light Phase 
+ Alloy 1 Matrix 
X Alloy 2 Overall Comp 
X Alloy 2 Grains 
^ Alloy 3 Overall Comp 
A Alloy 3 Grains 
A Alloy 3 Gbs & Ppts
V Alloy 4 Overall Comp 
' Alloy 4 Liglit Phase
V Alloy 4 Dark Phase
V Alloy 4 Matrix
□ Alloy 5 Overall Comp
□ Alloy 5 Grains
♦  Alloy 6 Overall Comp
♦  Alloy 6 Grains
o Alloy 7 Overall Comp 
o Alloy 7 Grains 
o  Alloy 7 Gbs
♦ Alloy 8 Overall Comp 
t Alloy 8 Liglit Phase
« Alloy 8 Dark Phase 
+ Alloy 9 Overall Comp 
X Alloy 10 Overall Comp 
X Alloy 10 Light Phase 
X Alloy 10 Matrix
♦  New Alloy A
♦  New Alloy B
♦  New Alloy C
♦  New Alloy D
Figure 6.66; Co-Fe-Si isothermal section at 1000°C.
On the Co-Si side of the 900°C isothermal section the a-CogSi compound is present at 
approximately 31-33 at% Si, with approximately 22 at% Fe being soluble in a-CozSi, the 
limit of solubility being indicated by the data for alloy 6. There is a two phase region 
above the a-CoiSi phase of the CoSi and the a-CoiSi phase. This is indicated by the data 
for alloy 7 (circles). Below the a-CoiSi phase there is still uncertainty as to the phases 
present, altlrough alloy 8 (stars) indicates a three phase region and the alloy 6 tie-line 
indicates a two phase region. Alloy 6 (diamonds) indicates the presence of a three phase 
region intersecting the bcc solid solution to the tip of the a-CozSi phase and to the grain 
boundary composition of alloy 6.
F e s S i s -  - §  - - "  A
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In the 1000°C isothennal section (figure 6.66) data for alloy 3 indicates the boimdaiy of the 
two phase region between the a(Fe) and the y(Fe) single phase regions. These 
compositions are in direct equilibrium with the grain boundary composition of alloy 3 that 
marks the boimdary of a single phase region. Below the monosilicide composition on the 
Fe-Si side, the a(Fe) appears, observed in the Fe-Si binary phase diagram as a(Fe), a i and 
(figure 1.10), On the Co-Si side of the ternary phase diagram three interrnetallic 
compounds CoSi2 , CoSi and a-C o 2Si are observed. The high ternperatirre fonn P-Co2 Si 
was not observed in the alloys due to the transition temperature being around 1238°C. It 
has been r eported that the transition ternperatiue is reduced with the addition of Fe, Raynor 
& Rivlin (1998). Since the annealing ternperatirre was only 1000®C it is unlikely that the 
P~Co2 Si would be observed, when it was reported that at a composition CoFeSi the 
transition temperature is reduced to approximately 966°C.
Unfortunately, this work was unable to clarify the central part of the 900°C and 1000°C 
isothermal sections of the ternary phase diagram. This requires the production of a firrther 
4 alloys, designated as alloys A-D in figure 6.64 and 6.66 by black stars, see also further- 
work in chapter 8.
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Chapter 7: General Discussion
The objectives of this thesis have largely been achieved, silicides have been successfully 
synthesised using the selected processes and the tentative isothennal sections of the Co- 
Fe-Si teinaiy system have been proposed. It was shown that ion beam assisted deposition 
(IBAD) produces high quality layers. Ion beam synthesis (IBS) was detailed to be a 
convenient process by which buried silicide layers could be produced.
IB AD is an effective technique for the production of the silicide layers. Since IB AD is a 
‘hybrid’ technique of physical vapour deposition (PVD) and ion implantation and so 
combines the advantages of both techniques, while eliminating their disadvantages. IB AD 
films have excellent adhesion, strain and density properties combined with greater 
microstructural control being possible than those produced by PVD. Deposition 
parameters are critical to control the properties of the fabricated films and can even be 
manipulated to form nanocrystalline, amorphous, textured crystalline or epitaxial (for- 
certain materials) and metastable crystalline. Others advantages and achievable benefits 
include a low deposition temperature, high film adhesion, control of strain level, bulk 
density, reproducible, precise modulation of composition with depth and high versatility of 
materials that the technique can be applied to. The limitations include higher cost than 
PVD, it is a line-of-sight process and the technique needs frnther development. 
Fur-therrnore, the composition of crystalline phases can be precisely controlled as a fimction 
of thickness to produce functionally gradient materials with properties such as graded 
hardness, coefficient of thermal expansion, refractive index, density, tensile strength and 
stress.
Chapter 4 described that in the as-received condition, the structures produced by IB AD are 
metastable with negligible diffrrsion occurring in these processes. The layers were of the 
P-FeSii stoichiometry. The samples were then arrnealed to fonn the equilibrium structure, 
a crystalline P-FeSia layer. The use of a second beam to impact the surface of the sample 
during deposition was demonstrated in deposits 2 and 4. The effect of the second ion beam
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was to increase nucléation of the layer / silicon subshate interface. However, these layers 
also exhibited a greater tendency to delaminate from the silicon substrate, possibly due to 
the greater strain introduced by the second ion beam during deposition.
IBS is a process developed by the semiconductor industry to allow the fabrication of 
applications such as high-speed circuits, three-dimensional stiuctiues and radiation-hard 
devices. IBS is a ‘hybrid’ technique involving ion implantation and subsequent heat 
tieating. Therefore there is a complex relationship between the implantation and the heat 
treating process parameters that dictate the physical and electiical properties of the 
synthesised material in its final state. As demonstrated in the ion beam synthesised layers 
produced in this work. These parameters influence the microstinctures obtained in the as- 
implanted condition, section 5.2 and consequently the microstructures after annealing, 
section 5.3. For example, in the as-implanted condition, sample 140N2 Sui' exhibited a 
buried polyciystalline layer (figuie 5.1a). Tliis sample had the lowest substrate 
temperature during implantation, 238°C coupled with the lowest beam cuirent during Fe 
implantation, 2 mA. The 140N2 Ppt sample exhibited a buried precipitate layer, with the 
densest and largest precipitates located at the peak of the implantation profile (figure 5.3a). 
This micros tincture was observed in both compositions of the Fe implanted SiGe layers 
and is produced using high beam ciurents of 5 and 6.5 and substiate temperatures of 500 
and 575°C, respectively. These results are in agreement with Dekempeneer et al (1991). 
The implantation parameters each have an effect on the final microstincture. The energy of 
the implanted ion determines the ion range and consequently the depth of the implanted 
layer. Decreasing the energy decreases energy straggling and so allows the production of 
thin layers. With regard to the dose the minimum concentration at the peak of the 
implantation profile must exceed approximately half the stoichiometi ic composition of the 
synthesised compound to obtain a uniform buried layer, (White et al, 1987 & Mantl, 1991). 
The total dose determines the thickness of the buried layer. Additionally, ion cuirent 
density is important as the nucléation rate is increased. Consequently smaller and finer 
dispersed precipitates giow.
The author has demonstrated, in chapter 5, that silicides are easily formed when implanting 
Fe in Si to obtain the binaiy FeSii phase and Fe in Si followed by subsequent Co 
implantation to foim the temaiy (Fe,Co)Si2 phase. At least 10 % of the final Fe dose was 
substituted for Co, to fonn the teinaiy (Fe,Co)Si2 silicide. This was in agieement with
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Hany et al (1995, 1996) and the findings of the Co-Fe-Si teinaiy phase diagram of this 
work, as shown in figure 6.88b that approximately 10 at % Co in Fe-Si. In all samples, the 
effect of thermal annealing has been seen to refine the microstincture already form in the 
as-implanted condition. Furthennore, annealing is essential in obtaining the coirect 
microstructural conditions for producing the optimum electrical properties. Both these 
techniques, IBS and IB AD have the advantage that less ion dose is utilised in the 
production process, in comparison to other similar techniques. Therefore, these methods 
could be used in the fabrication of appropriate applications involving large area devices 
e.g. solar cells.
The binaiy Fe-Si binary alloy and temaiy Co-Fe-Si alloys were produced to obtain 
experimental evidence relating to the equilibrium structures in these systems. The 
microstinctures exhibited are dependent parameters such as themiodynamics, cooling rate, 
temperature, composition, diffusion and cohesive energies. The stmctures produced should 
be at equilibrium. In this part of the work, the objectives of this thesis have been only 
partly achieved. When heat treating the Co-Fe-Si alloys using the parameters chosen, 
850°C for 24 hours, 900°C for 24 hours and lOOO^C for 10 hours, it has been shown that 
the 850°C anneal was not representative of the equilibrium shncture. However, using the 
experimental data the author has been able to proposed two isothermal surfaces at 900“C 
and 1000°C.
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Chapter 8: Conclusions & 
Recommendations for Future Work
8.1 Conclusions
This thesis has presented an in-depth characterisation of iron disilicide layers produced by
IB AD and IBS. This conclusions arising from this work are:
8.1.1 Ion beam assisted deposition (Chapter 4)
1. In the as-deposited condition, all the layers were confmned to be amoiphous and 
featureless. This was in agreement with the XRD results.
2. The layers were confmned to have the p-FeSii stoichiometry using EDX, also see 
table 4.3a.
3. No microstnictiiral differences were found between samples that were deposited 
using p-type or n-type substrates
4. Annealing of these layers enabled the amoiphous layers to become polyciystalline. 
SAD and microdifffaction confmned the P-FeSi] stoichiometiy.
5. The effect using a second beam impinging on the sample surface, during deposition, 
was to enhance the fonnation of co-deposited islands. These islands then start to 
coalesce dming the deposition process.
6. Ion beam assistance produced P-FeSi2 grains on the interface with the silicon 
substrate that contained defects. The grains were characterised by internal sheaking 
conti’ast, attiibuted to the coexistence of ordered domains that are oriented at 90° to 
one another around the [2G0]p-FeSi2.
7. The IBAD-samples have a reduced giain size, as compared to the non-IB AD 
samples. This was experimentally verified in this work, but in the literature, as much 
as a 13% reduction has been quoted, Teirasi et al (1993).
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8. EDX analysis, on all the annealed layers, confimied the P-FeSii stoichiometiy. The 
results are summarised in table 4.3b. Tlie XRD results also confirmed that the p~ 
FeSiz phase was fonned in both annealed conditions.
9. The samples deposited at room temperature, 100°C and 200°C were confirmed to be 
amorphous by electron diffraction and XRD.
10. Samples deposited at 300°C or higher temperatures were ciystalline as confmned by 
electron diffraction.
11. EDX of all layers deposited at room temperature and at 800°C confirmed a P-FeSii 
stoichiometiy.
8.1.2 Ion beam synthesis (Chapter 5)
In general in IBS, the higher the substrate temperature, the lower the defect density of the 
final microstmcture c.f. Fe implanted SiGe (Tsubstrate = 238°C) with 10% Co implanted 
FeSi2 (Tsubstrate =-^575°C). Furthermore, the ion cunent density affects the nucléation rate 
of the precipitates. The higher the ion cuiTent density, the higher the nucléation rate, c.f. Fe 
implanted SiGe (beam ciment = 6.5 mA) with I40N2 Sur (beam ciment = 2 mA). The ion 
beam energy affects the depth and width of the implantation profile.
Iron Implanted into Silicon
1. The two beam cunents produce two different microstructures in the as-implanted 
condition. Sample 140N2 Sur exhibited a buried polyciystalline layer (2 mA) and 
buried precipitates were observed in sample 140N2 Ppt (5mA).
2. Annealing at 900°C for 18 hours produced two different microstmctiires, a surface 
layer (140N2 Sui) and buried precipitates (140N2 Ppt) that were confirmed to be the 
orthorhombic p-FeSi2 phase by election diffiaction.
3. The formation of the surface layer is attr ibuted the lower cohesive bond energy of the 
Si-Si bond in the p-FeSi2 phase as compared with the bond between nearest 
neighbours in pure Si. Furthermore, since the P-FeSi2 phase exhibits an layered 
structure in the [100]P-FeSi2 direction preferential growth is more energetically 
favoured towards the surface.
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4. The precipitates contained internal stieaking contrast attributed to the presence of 90° 
ordered domains.
5. XRD suggested that the p~FeSi2 phase was fonned in both samples and in both as- 
implanted and annealed samples.
Iron Implanted into Silicon-Gennanium Lavers
6. The implantation of Fe into silicon-5.7% and 10.7 % Ge layers produced buried 
precipitates in the as-implanted condition. After annealing the precipitates grew by 
Ostwald ripening to minimise the surface energy.
7. Election diffraction confmned the precipitates formed after annealing in the Si- 
10.7% Ge layer to be the orthorhombic p-FeSig phase. The XRD results were in 
agreement with this result.
8. There was negligible interaction of the Ge with the p-FeSii phase, and is in solution 
with the silicon.
Cobalt Implanted into p-FeSi?
9. Replacing 2%, 5% and 10% of the final Fe dose with Co results in buried precipitate 
layers being produced.
10. Election diffraction confirmed that the orthorhombic temaiy (Fe,Co)Si2 phase was 
formed, since up to 10 at% Co can be substituted into the p-FeSii unit cell. This is 
agreement with the experimental value obtained fiom the Co-Fe-Si ternary system 
investigated in the thesis.
11. The XRD study suggested the p-FeSia phase was formed in as-implanted and 
annealed conditions.
8.1.3 Phase equilibria studies (Chapter 6)
The phase equilibria studies have been thoroughly investigated by the production of Fe-Si 
binaiy and Co-Fe-Si temaiy alloys. These are main conclusions that have been drawn
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Fe-Si binaiy alloy
1. In the as-cast and annealed conditions, the microstmcture had an iron monosilicide 
second phase within an iron disilicide matrix.
2. This was in agieement with the XRD results.
Co-Fe-Si ternary alloy
1. The Co-Fe-Si temaiy alloy is a complicated system and has been studied using 
EPMA, EDX and XRD.
2. The 850°C anneal was not representative of equilibrium,
3. Two isothermal temaiy sections was proposed based on the experimental work at 
900°C and 1000°C
4. The EPMA and EDX results suggested that alloys 2, 3 (as-cast), 5, 6 (1000°C) and 
9 (1000°C) were a Fe(Co) solid solution with traces of the FeSi phase . Although, 
this is not confinned by the XRD results
5. There is a good agreement between the results of Raynor & Rivlin (1998) and the 
experimental results with regards to the 900°C and 1000°C temaiy phase diagram.
8.2 Recommendations for further work
Work to extend from this work should concentr ate
1. Varying the parameters of the second ion beam to investigate if further improvements 
in layer quality are attainable.
2. It would be interesting to investigate the effect on 1 FeSi2 after implantation of Ge as 
compared with implanting Fe into SiGe layers (this work).
3. The annealing of Co-Fe-Si alloys at 850°C for 24 hours should be redone using a 
longer annealing time (72 hours) to allow the equilibrium to be reached in all alloys 
and an acciuate isothermal section of the ternary phase diagiam to be plotted.
4. The manufacture of foin Co-Fe-Si alloys to confirm the phases present compositions 
(frgme 6.66). One alloy is placed above the three phase region at the Si-rich comer of 
the phase region and the other three of the alloys should be placed above the single
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phase y(Fe) region and below the monosilicide composition. The specific 
compositions are: Alloy A: 10Co-10Fe-80Si, Alloy B: 30Co-30Fe-40Si, Alloy C: 
56Co-6Fe-38Si and Alloy D: 63Co-9Fe-28Si.
5. The XRD experiments should be repeated for all the Co-Fe-Si alloys studied in this 
work, using a standardised sample without a sample holder. This should avoid the 
eiToneous and extra peaks that were obseiwed in alloys 2, 3, 5, 6, 9 and 10.
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Appendix A Phase Equilibria Tables
Appendix A: Phase Equilibria Tables
Fe-Si binary system
Phase CiystalStructure
Composition 
(at% Si) Pearson Symbol Space Group
(aFe) bcc 0-19.5 cF4 Fm3m
(yFe) A2 0-3.8 cI2 Im3m
ai DO] -10-29.8 cF16 Fm3m
(%2 B2 -10-19.5 cP2 Pm3m
Fc2Si(P) hep -32 hP2 P3ml
FesSi] Ol) D84 -38 hP16 Pbg/mcm
FeSi (8) B20 -49-50 cP8 P2i3
a-FeSiz (W Tetragonal 70-73.5 tP3 P4/mmm
P-FeSi2 (Cp) Orthorhombic 67 oC48 Cmca
(Si) Diamond 100 cF8 Fd3m
Compositional information for the Fe-Si binaiy system, after ASM Handbook (1992).
Ge-Si binary system
Phase Composition 
(at% Si)
Pearson Symbol Space Group
(Ge,Si) 0-100 cF8 Fd3m
Compositional information for the Ge-Si binary system, after ASM Handbook (1992).
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Appendix A Phase Equilibria Tables
Co-Si binary system
Phase
Ciystal
Stmctiire
Composition 
(at% Si) Pearson Symbol Space Group
(aCo) fee -0-10 cF4 Fm3m
(eCo) hep -0-12 hP2 P6z/mmc
Co]Si Tetragonal 23 js(î %
a-CozSi Orthorhombic -31-33 oP12 Pnma
P-CozSi Unknown -32-36
CoSi B20 49-52 cP8 P2i3
CoSiz CaFz 66.8 cF12 Fm3m
(Si) Diamond -100 cF8 Fm3m
Compositional information for the Co-Si binaiy system, after ASM Handbook (1992).
Co-Fe binary system
Phase Ciystal
Structure
Composition 
(at% Fe)
Pearson Symbol Space Group
(aCo,yFe) Al 0-100 cF4 Fm3m
a ' B2 -29-75 cP2 Pm3m
aFe A2 -23-100 cI2 Im3m
ÔFe A2 83-100 cI2 Im3m
Compositional information for the Co-Fe binaiy system, after Nishizawa & Ishida (1984).
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Appendix A Phase Equilibria Tables
Fe-Ge binary system
Phase Composition (at% Si) Pearson Symbol Space Group
(yFe) 0-3.84 cF4 Fm3m
(aFe) 6-18.9 cI2 Im3m
ai 10-22 cF16 Fm3m
a2 10-20 cP2 Pm3m
FegGe (e) 24-28 hP8 Pba/mcm
FegGe (s') 24-28 cP4 Pm3m
P 37.5-41.5 hP4 Pbg/mcm
n 42^3.5 hP6 Pba/mcm
FeeGes (%) 55.5 C2/m
FeGe 50 C2/m
hP6 P6/mmm
cP8 P2i3
FeGe2 66.5 tI2 I4/mcm
(Ge) 100 cF8 Fd3m
Compositional information for the Fe-Ge binaiy system, after ASM Handbook (1992).
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